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ABSTRACT 
The work reported in this thesis details the original research undertaken by the author into the 
cutting mechanics of wood-working handsaw tooth geometries. The research can be separated 
into three distinctive sections. The first section is a review of both fundamental and recent 
literature regarding wood characteristics and machining processes. The second section 
documents the findings of a cutting process in which a variety of work-piece parameters were 
evaluated whilst limiting the parameters associated with tooth geometry. The third and final 
section documents the findings of a cutting process in which a variety of tooth geometry 
parameters were evaluated whilst limiting work-piece variation. 
Two separate experimental procedures were developed to carry out the work for sections two 
and three respectively: The first of these procedures utilised a CNC router machine to perform 
the controlled cutting action. A single “rip” tooth was attached to the tool holder. The work-
piece was constrained to a tri-axis dynamometer which was used to measure the resultant tool 
forces in the relative X, Y and Z axes. At the same time a universal testing machine was 
employed to perform mechanical test procedures on a variety of wood species. A predictive 
cutting force model was developed using the obtained mechanical properties as categorical 
predictors.  
The second procedure utilised a shaper machine to perform the controlled cutting action. 
Three different saw tooth geometries were evaluated for only one variety of wood species. A 
tri-axis dynamometer was again used to measure the resultant tool forces. The geometric 
parameters of each tooth were carefully evaluated at using SEM micrographs. A predictive 
cutting force model using the geometric parameters as categorical predictors was developed.  
Chip and surface formation was carefully evaluated. For procedure one this involved 
observation of the chip/surfaces under an optical microscope. For procedure two this involved 
capturing footage of the cutting process using a high speed camera. 
The findings of the research show that un-bevelled teeth with orthogonal edges generally 
yield high cutting forces. However, these teeth are very effective at removing material along 
the wood grain in a “chisel like” cutting action. Bevelled teeth with sharp lateral edges 
generally yield low cutting forces. These teeth are well suited to severing the wood fibres 
perpendicular to the grain in a “knife like” cutting action. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 A Background to Hand-sawing 
Throughout history the handsaw has proven to be one of the most widely used hand tools. 
This dates back to the first flint saws used during the Neolithic revolution circa 9500 BC [1]. 
Throughout the ages technology advanced past the bronze and iron ages and the applications 
of the hand saws widened through the Roman era and the middle ages being used more in 
construction and even as a method of execution [2]. The closed handle handsaw that we 
recognise today (figure 1.2) has its origins at the turn of the 18th century. Prior to this, saws 
with an open handle or “pistol grip” were the norm (figure 1.1). The teeth were manually filed 
and set using a small hammer and anvil. In the developing world, where carpenters see their 
tools as an investment rather than a replaceable good, this method is still widely used. The 
saw teeth are re-set and filed when the edges become too worn for functional use thus 
increasing the life of the saw. Since the latter part of the 20th century the developed world has 
opted for hardened saw teeth. This is achieved by inducing an electromagnetic field at the 
edge of the blade heating the steel and hence forcing martensitic transformation. This makes 
the saw teeth extremely resilient to tool wear removing the need to re-sharpen. Additionally, 
grinding and setting are fully automated processes.   
The major companies that manufacture hand tools have a combined annual turnover of nearly 
14 billion USD worldwide (figure 1.4). These are “Stanley – Black and Decker” who are 
responsible for the “Stanley” brand of hand-saws, “Newell – Rubbermaid” who manufacture 
“Irwin” handsaws and “Snap – On” who produce the “Bahco” range of handsaws. Although 
these major manufacturers also produce a range of machine driven alternatives to manual 
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sawing, the hand-saw is still considered a viable product. This is primarily because there will 
always be a market for handsaw users as it can be used absolutely anywhere regardless of 
power supply. It is also used as an important test of innovation through research and 
development improving aesthetic design, ergonomics (figure 1.3) and most importantly tooth 
geometry.  
Each manufacturer claims that their patented tooth geometry requires less effort from the end 
user during manual sawing (appendix 2), but what is it that actually influences the cutting 
mechanics? Traditionally there are two types of tooth geometry for wood-cutting handsaws 
(figure 1.5): 
• Rip teeth – These are widely understood to act as orthogonal cutting tools and are used 
to remove material along the wood grain. 
• Cross cutting teeth – These teeth have bevelled edges and are used to machine the 
wood across the grain. 
More recently saws with compound teeth have been developed. These tooth geometries 
consist of three bevel ground edges. These saws are marketed for universal use, i.e. they can 
be used to machine both along and across the wood grain (appendix 2).  
Contrary to wood machining, a significant volume of research has been performed in the area 
of metal cutting, the most fundamental of which describe it as a plastic deformation process of 
an isotropic material [3, 4]. Wood is a material which is both heterogeneous and anisotropic, 
making it very unpredictable during any machining process. Wood gains its heterogeneity 
from its concentric annual growth rings composed of earlywood fibres formed in the warmer 
months of the year and the denser latewood fibres which form during the colder months 
(figure 1.6). These fibres grow longitudinally through the trunk of the tree. Additionally wood 
contains knots where limbs grow out from the trunk; these weaken wood as a material as they 
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are poorly bonded to the surface which surrounds them. It is these characteristics that make 
wood anisotropic, attributing different mechanical properties to its three separate orthogonal 
planes of symmetry. 
1.2 Research Aim and Objectives 
1.2.1 Aim  
The aim of the research is to establish the cutting mechanics of wood-working hand-saw tooth 
geometries. The cutting mechanics will be described both quantitatively (through measured 
tool forces) and qualitatively (through captured images/footage of chip formation). The 
research aim will be facilitated through achievement of the following objectives: 
1.2.2 Objectives 
1.2.2.1 Review of wood properties 
A review of wood characteristics will be carried out to determine what the scientific 
community considered the most important attributes/properties associated with wood as a 
material. Although it is important to consider the structure of wood at a cellular (microscopic) 
level, the emphasis of this review will focus on features visible to the naked eye (macroscopic 
level). Mechanical test procedures and wood grading methods from a wide range of published 
literature and standards will be considered 
 1.2.2.2 Review of wood machining processes 
The extensive body of wood machining research will also be reviewed. This will start with the 
fundamental cutting processes (orthogonal cutting) and will progresses onto areas such as 
oblique cutting and tool wear. The review on wood machining will continue with sawing, 
detailing standards on tooth geometry, setting patterns and touching upon cutting mechanics.  
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1.2.2.3 Evaluation of the influence of work-piece variations on the cutting mechanics 
This experimental work will be conducted to determine the effects of wood properties on the 
cutting mechanics (chip formation and tool forces) for simplified cutting conditions. Eight 
different wood species have been selected (including both hardwoods and softwoods) at four 
moisture levels ranging from dry to saturated. Each work-piece variation will be machined in 
a single tooth test rig using a simple orthogonal (rip) tooth, both across and along the wood 
grain. Tool forces will be recorded using a piezoelectric dynamometer. Optical microscope 
images of the chip and surface formation were taken.  
In addition to this, a series of mechanical tests will be conducted to determine the bending 
properties across the wood grain and the shear properties along the wood grain. These tests 
will be performed for the same species and moisture levels as used for the cutting tests. 
Multiple regression analyses will be performed using strength, elasticity, toughness, moisture 
content and depth of cut as parameters to determine the relationship between work-piece 
properties and the major cutting force. 
1.2.2.4 Evaluation of the influence of tooth geometry on cutting mechanics 
Three tooth geometries have been selected; an un-bevelled (orthogonal) tooth, a bevel ground 
cross cutting tooth and a thrice bevelled compound tooth. Only one wood species (Douglas 
fir) will be used with two moisture variations (dry and saturated) machining both along and 
across the grain.   
Tool forces will again be measured using a piezoelectric dynamometer. Furthermore, a high 
speed camera will be used to capture footage of the chip formation process at one thousand 
frames per second. This footage, along with optical microscope images, will be used to 
describe the chip formation modes.  
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1.3 Original Contribution to the Body of Knowledge 
1.3.1 Novel aspects of the PhD research 
The fundamental literature in this research area has provided a detailed explanation of the 
cutting mechanics for large orthogonal plaining tools cutting in the three wood machining 
directions. This is based upon measurement of tool forces and images of chip formation. 
Additionally, the available literature related to wood sawing focuses only on high speed 
industrial processes such as band sawing and circular sawing. 
Previous attempts at constructing multiple regression models, for single band-saw teeth, used 
only a limited amount of work-piece parameters for only a small variety of wood species. 
Namely; machining direction, density and moisture content [5-7]. The experimental work 
detailed in this thesis used obtained work-piece properties from a series of mechanical tests as 
parameters for multiple regression modelling for eight wood species (consisting of both 
hardwoods and softwoods). These consist of; material strength, elastic modulus, toughness for 
bending across the grain and for shearing along the grain. Moisture content, density and depth 
of cut were also used as parameters for predicting the major cutting force. This yielded linear 
models with R2 values of 0.8 and 0.9 along and across the grain respectively. As no 
coefficients of species were included as parameters the models stand to be species 
independent, i.e. the effects of wood species are insignificant when mechanical properties are 
used as predictors instead.   
Regression modelling was also used for multiple tooth geometry parameters with limited 
work-piece variations. For this scenario work-piece coefficients were used to normalise the 
empirical data obtained from different work-piece variations. This allowed the focus of the 
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model to be purely on tooth geometry parameters. In total, three different tooth geometries 
with different bevel orientations were used. The interaction of these three different teeth with 
the un-deformed work-piece provided a multitude of geometric parameters used as predictors 
in the model. Additional statistical analysis allowed for the most significant geometric 
parameters to be identified. 
The original aspects of this author’s thesis builds upon the previous published literature, but 
also contributes entirely novel findings to the body of work. Although the single saw-tooth 
cutting test has been used previously for metal cutting and for high speed, industrial wood 
sawing processes, there is no evidence found showing that it has been used to evaluate 
handsaw teeth. Tool forces have been measured for band-saw and circular saw teeth [8, 9] and 
high speed video footage has previously been recorded for circular saw teeth, machining 
along the wood grain [10]. Nominal depths of cut per tooth are significantly smaller for 
handsaw teeth (ranging between 0.05 and 0.15 mm) with narrower cutting edge width (0.85 
mm). As a result, the tool forces documented in this thesis were much smaller than any values 
from the previously mentioned comparable studies.  
1.3.2 Published Work (appendix 1) 
 1.3.2.1 Conference Papers 
1. Naylor A, Hackney P and Clahr E. “Machining of Wood using a Rip Tooth: Effects of 
Work-piece Variations on Cutting Mechanics” 20th International Wood Machining 
Seminar June 7-10, 2011. Skellefteå, Sweden. 
2. Naylor A, Hackney P, Perera N and Clahr E, “Determination of wood strength 
properties through standard test procedures” International Conference on 
Manufacturing Research. September 11-13, 2012. Aston, UK 
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3. Naylor A, Hackney P, Perera N and Clahr E, “Evaluation of handsaw tooth 
performance through the development of a controlled cutting test rig” International 
Conference on Manufacturing Research. September 11-13, 2012. Aston, UK 
1.3.2.2 Journal Articles 
1. Naylor A, Hackney P, Perera N and Clahr E, (2012). “A predictive model for the 
cutting force in wood machining developed using mechanical properties,” 
BioResources 7(3) 2883-2894 
1.3.3 Prizes and Awards 
The high quality of the research presented in this thesis was recognised by the Institution of 
Mechanical Engineers educational awards committee. As a result this author won the 
Thomas Andrew Common Grant which was used to attend the International Conference on 
Manufacturing Research held at Aston University. 
An award for best doctoral paper submitted to the International Conference on 
Manufacturing Research was given to the author for the paper entitled; “Determination of 
wood strength properties through standard test procedures” (appendix 1). 
1.3.4 Industrial Impact 
The findings of this research will be used by industrial collaborators SNA Europe to aid the 
development of new high performance tooth geometries for the BAHCO brand of hand-saws.   
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1.4 Structure of the Thesis 
This thesis is divided into five chapters, two of which detail separate experimental pieces of 
research carried out. Each of these two chapters separately covers experimental methodology, 
results, discussion and a summary of findings: 
• Chapter one provides the background to the subject area, rationale for the research 
carried out and the research aim and objectives. 
• Chapter two consists of a review of published literature. Important wood material 
characteristics were considered from a range of publications including standards for 
grading and mechanical testing. The wood machining process was also evaluated 
starting with the fundamental research carried out using simple orthogonal cutting 
tools, progressing on towards a review of more relevant publications concerning 
sawing mechanics.       
• Chapter three (experimental) investigates the effects of work-piece properties on tool 
forces. Eight different wood species (consisting of both hardwoods and softwoods) at 
four moisture levels were fully evaluated by means of mechanical tests; 1) Bending 
tests to evaluate the strength properties across the grain, 2) Shear tests to evaluate the 
strength properties along the grain. Each of these evaluated wood work-pieces was 
machined along and across the grain using a single, orthogonal (rip) tooth within a 
CNC router machine. Tool forces were recorded using a force dynamometer data 
acquisition system. Collected chip was observed using images taken from an optical 
microscope. Regression analysis was performed to determine the relationship between 
work-piece properties and the major force in the direction of cutting.  
• Chapter four (experimental) evaluates the cutting of different handsaw tooth 
geometries. One wood species (Douglas fir) at two moisture levels (dry and saturated) 
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was machined along and across the grain using a variety of tooth variations. The tooth 
forms evaluated were; 1) Un-bevelled “orthogonal” teeth, 2) Bevelled cross cutting 
teeth, 3) Thrice bevelled compound teeth. Tool forces were once again recorded using 
a force dynamometer data acquisition system. The chip formation process was 
observed by high speed video recordings and optical microscope images of collected 
chip. Regression analysis was performed to determine the relationship between the 
tooth geometric parameters and the major force. 
• Chapter five, “Overall Discussion”, summarises the novel findings of the research. 
Key observations from both chapters three and four are unified here building 
illustrated descriptions of the different cutting scenarios. 
• Chapter six presents the original findings in the form of concise, bulleted conclusions. 
Further work also suggested in this chapter, finalising the thesis. 
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 Figure 1.1 – Open handled saws circa 1800 [1] 
 
 
 
 
 Figure 1.2 – Spear and Jackson cross cutting saw circa 1960 [1] 
 
 
 
 
 Figure 1.3 – Bahco ergonomic handsaw blades and handle 
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 Figure 1.4 - The Global Hand Tool Market {S&P 500 Consumer Discretionary Index 
(accessed July 2011)} 
 
 
 Figure 1.5 – Handsaw Tooth Geometries 
 
 
 Figure 1.6 – Wood Planes of Symmetry [11] 
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Classification and Characteristics of Wood 
2.1.1 General Characteristics of Wood 
Wood is a heterogeneous material with an intricate grain structure and imperfections in the 
form of knots and mineral entrapments. Any section of wood is perceived to have three planes 
of symmetry; the radial, the tangential and the axial planes. These planes of symmetry are 
relative to the major machining directions described in section 2.2.1. It is widely understood 
that the wood cell is composed of 3 organic polymers; Cellulose (40-44% of total cell 
biomass), Hemicelluloses (20-32%) and Lignin (25-35%) [12]. The function of Cellulose is to 
provide large structural fibres, Hemicelluloses surrounds cellulose providing smaller 
structural microfibers to fill in the gaps and Lignin binds and provides rigidity. The cell wall 
itself has a tubular structure. The cells are aligned in the axial direction creating the wood 
fibres visible to the human eye. 
Scanning electron microscope (SEM) images of wood at a cellular level shows the cells to 
have a strong anisotropic honeycomb structure [13]. SEM images combined with computer 
aided tomography techniques have been able to assess the surface geometry (roughness) of 
woods [14] and even the deformation of the cell structure under mechanical stresses [15, 16]. 
In the trunk there are three main sections; 1) the heartwood, which is physiologically inactive 
2) the sapwood, where all conduction and storage occurs 3) the bark, which protects the 
interior of the tree trunk [17]. The heartwood consists of a series of growth rings surrounding 
the pith. The growth rings form the grain structure observed in cuts of timber sawn from the 
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trunk of the tree. The inner part of the growth ring formed first in the growing season is called 
earlywood and the outer part formed later in the growing season, latewood. Earlywood is 
characterized by cells with relatively large cavities and thin walls. Latewood cells have 
smaller cavities and thicker walls. This means that the latewood cells are denser than the 
earlywood.  
Knots are present where branches have grown out from the main body of the tree trunk and 
are considered as defects. They are much denser than the rest of the wood, the grain around a 
knot is distorted and the knot itself may be poorly bonded to the rest of the wood [11]. 
2.1.2 Hardwood and Softwood 
When considering different woods from a biological perspective, there are two distinct phyla: 
The Magnoloiphyta and the Coniferoliophyta. Magnoliophyta are flowering plants and 
reproduce via seed dispersal. This method of reproduction can often lead to plant growth in 
random locations far away from the parent plant. All hardwoods fall under this category. 
Coniferoliophyta are cone-bearing plants. The genetic trends and physical functions of cone-
bearing plants are well documented [18]. The seeds of these plants reside in the female cone 
and when fertilised by pollen from the male cone, drop locally to the parent plant. In addition 
to this most cone-bearing plants have pine needles surrounding the cone; this is to deter 
animals from eating the seeds and hence prevents seed dispersal. All softwoods are cone-
bearing plants. It is often misunderstood that all cone-bearing plants are evergreen and that all 
flowering plants are deciduous (sheds leaves in winter). Although this is the case for most 
trees there are some exceptions to the rule. Holly for instance is a flowering plant that stays 
green all year and Larch is a cone-bearing tree that sheds its needles in the winter months. 
As well as genetically, hardwoods and softwoods also differ physiologically. Hardwoods have 
a more complex structure than softwoods. SEM imaging shows hardwoods to have a presence 
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of larger transport vessels within the grain of the structure [19]. These vessels called xylem 
increase the porosity of the wood and when inactive creates micro-cavities for mineral 
entrapments or even a space for micro-organisms to spread and cause rot. 
The growth patterns and location of softwoods have been investigated heavily in Scandinavia 
[20-22] but also in mainland Europe [23, 24] and the United Kingdom [25, 26]. The trends 
show that by their very nature, softwoods tend to grow locally to their parent plants. This 
makes it very easy for timber manufacturers to cultivate and harvest trees as they naturally 
grow in self-sustained forests. 
2.1.3 Grading of Woods 
The physical and chemical characteristics of wood dictate the strength properties and 
longevity of the timber produced from it. British Standards dictate the mechanical properties 
for different structural grades [27] and how these grades should be labelled with respect to 
different wood species [28]. Grading can be performed visually taking manual measurements 
such as knot content and grain pitch, or it can be machine graded in a log scanner where all 
the quantities are calculated automatically [29].  
The moisture contained in the wood of felled trees can range from 30 – 200% of the woods 
dry mass. There is free water that is stored in the empty space within and around the cells, and 
water stored in the fibres of the cell wall. It is important to remove the free water during 
seasoning as it can be the dwelling place for fungi which cause decay. When the overall 
moisture content of the wood increases to a level where the fibres of the wood cells can no 
longer contain any more moisture, the wood is referred to having reached the fibre saturation 
point. Findings from prior research  [30] concludes  that the cross sectional area of sawn 
timber varies with respect to moisture content . It is hence important to install timber at the 
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same moisture content as its final atmospheric conditions for end use; this is known as 
equilibrium moisture content. 
Standards on moisture content for structural timber [31] dictates the appropriate moisture 
content for dry graded structural timber (table 2.0). There are two standard ways of measuring 
the moisture content. The first is the oven dying method [32] where the loss of water mass 
during the drying process is expressed as a ratio of the dry mass (equation 2.1). The second 
method is the electrical resistance method [33] where a protimeter (moisture probe) is 
calibrated to the same sensitivity of the dielectric constant for water. This allows for accurate 
estimation of the presence of water. 
    MC	= mwet - mdry mdry      (2.1) 
Table 2.1 – Moisture grading for structural timber [31] * 
Service Class Conditions for end use Moisture Content (%) 
3 External uses, fully exposed 20+ 
2 Covered and generally unheated 18 
2 Covered and generally heated 15 
1 Internal uses, in a continuously heated building 12 
 
Wood can experience mineral deposition due to the transport of nutrients. Previous research 
covers the effects mineral salt entrapments [34] and the crystallisation of minerals during the 
freezing and thawing processes [35]. Generally the strength of the timber is not compromised 
                                                          
* 
a) Service class 1 is characterized by a moisture content in the materials corresponding to a temperature 
of 20 °C and the relative humidity of the surrounding air only exceeding 65 % for a few weeks per year. 
In such moisture conditions most timber will attain an average moisture content not exceeding 12 %. 
b) Service class 2 is characterized by a moisture content in the materials corresponding to a temperature 
of 20 °C and the relative humidity of the surrounding air only exceeding 85 % for a few weeks per year. 
In such moisture conditions most timber will attain an average moisture content not exceeding 20 %. 
c) Service class 3, due to climatic conditions, is characterized by higher moisture contents than service class 2 
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the presence of minerals; however complications arise when machining timber, as a heavy 
presence of minerals can cause tool wear.   
Imaging techniques for lumber grading have become increasingly popular as it is a non-
destructive form of grading. Traditionally the use of x-ray log scanners has been used to 
machine grade lumber. Research into the traditional x-ray method [36-38] reveals that a 
significant proportion of logs scanned (20 -30%) are incorrectly graded. More recently the 
applications of scanning computerised tomography (CT) have been widely investigated. Use 
of this technology for detecting physiological boundaries has been investigated [39, 40] where 
the heartwood – sapwood boundary and pith has been detected. Arguably the most useful 
application of this method for lumber grading is in the detection of defects [41-44]. This is 
extremely useful for the timber industry as operators know where the defects lie in the lumber 
before it passes into the saw-mill.  
Research has been performed exclusively on the detection of knots using imaging techniques. 
The conventional CT scan method has been adopted to detect internal knots for lumber [45]. 
A unique approach using grey-scale imaging has been used  to identify knots in wood veneer 
an timber [46]. Pixels from the grey-scale image are used to detect and quantify the knots.  
It has been previously mentioned that knots are poorly bonded to the wood and the grain 
surrounding them is distorted [11]. A valid statistical model was developed to estimate the 
amount of distorted wood grain surrounding a knot [47]. Dimensional measurements such as 
diameter, volume and distance from pith were used as predictors in the model. The findings 
prove accurate prediction of the propagation of the distorted grain surrounding knots leading 
to optimum utilisation of lumber when sawing it into sections of timber.     
Statistical methods of predicting lumber grades based on measurements of the tree taken at 
felling have been investigated [48, 49]. These methods are effective at categorising lumber 
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into correct grades; however, they cannot determine any information of the internal structure 
of the wood.  
2.1.4 Obtaining Properties through Mechanical Testing 
Wood is anisotropic and hence some mechanical test procedures are often performed both 
along and across the grain. Tension and compression tests have been successfully performed 
both along and across the grain. Compression tests show that wood has much larger strength 
and modulus of elasticity values along the grain rather than across [50-52]. The trend for 
tensile tests is the same as compressive [51, 53, 54] (larger values along the grain) however 
the magnitude of the compressive strengths is significantly larger than tensile, typically ten 
times larger. Due to the nature of the test procedure, static bending test procedures are mainly 
implemented to characterise wood strength across the wood grain. Shear test procedures have 
been implemented in all three wood machining directions [55] revealing that only a true shear 
failure mode occurs along the wood grain. Bending and Shear test procedures are discussed 
further within this section. 
2.1.4.1 Static Bending 
Four point bending is recommended by British Standards for wood as failure occurs at the 
point of maximum displacement between the two loaded anvils [56]. This eliminates the 
excessive compressive forces that would occur with the use of a single anvil and reduces the 
possibility of shear along the grain. American Standards for three point bending specifies a 
span to depth ratio of 1:14 [57]. Once again this ensures that the failure mode is bending with 
no shear along the grain or compressive deformation caused by the loaded anvil.  
Previous research into the properties of Finnish birch [58] has evaluated both test procedures. 
The findings reveal an average modulus of elasticity (MOE) of 11.2 GPa for three point 
bending compared to 14.9 GPa for four point bending, an increase of approximately 25%. 
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Records [59] reveal an MOE value of 13 GPa in static bending which resides between these 
two values, showing that results from both test procedures are within an appropriate range. 
The modulus of rupture (MOR) or bending strength is calculated to be the same regardless of 
the testing procedure. 
Despite the discrepancy between the two procedures for determination of MOE, evidence 
from literature shows that MOE has been accurately determined using the three point method. 
The three point method was specifically used to evaluate the bending properties of Green 
wood [60] and some wood plastic composites [61]. 
  MOR	= 3FL 2bd2  At point of fracture   (2.2) 
  MOE	= FL3 4bd3ω  At elastic limit   (2.3) 
2.1.4.2 Shear 
Shear occurs most commonly along the grain direction; hence values in this direction are 
referred to as longitudinal shear. French standards for longitudinal shear incorporate a test 
specimen with three separate shear zone where failure can occur [62]. This standard has been 
used previously to determine the modulus of rigidity for a predictive cutting force model 
where a tool machines wood along the grain [63]. 
Alternatively, American standards have developed a method for accurately measuring the 
shear strength () and modulus of rigidity (G) [57]. The set-up consists of a test piece that can 
fail along only one zone of shear. This makes it significantly easier to determine the 
properties using convention theory for strength of materials.  A non-liner, anisotropic, finite 
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element model has been developed to simulate this method [64]. Force extension plots were 
produced through mechanical tests generating enough data to develop the model. 
  τ	= F A   At point of fracture   (2.4) 
  G =	 τγ 	=	 FLAx  At elastic limit   (2.5) 
A previous study on wood shear [55] using spruce, applied the same shear methodology using 
the same apparatus in all three orthogonal planes of symmetry with respect to the wood grain 
direction. The results indicate that the wood is much stronger in the 90°-0° direction than in 
either 90°-90° or 0°-90°, this is exhibited by larger values for 	and	G (table 2.2). 
Furthermore, only true shear is observed in the 90°-0° direction. This is demonstrated by a 
uniform fault line along the grain direction (figure 2.1). Other failure modes were observed: 
Buckling of the annual growth rings (90°-90°) and bending of the fibres across the grain (0°-
90°) which are both referred to as rolling shear.  
 
Table 2.2 – Shear properties in the three wood machining directions [55]  
Direction τ (Mpa) G (Gpa) 
90°-0° 9.1011 0.9515 
90°-90° 1.7099 0.0229 
0°-90° 1.7651 0.0251 
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2.2 Fundamental Wood Machining Research 
2.2.1 Introduction  
Research performed into optimum wood machining conditions [63, 65] states that there are 
three significant factors that affect the cutting mechanics:  
1. Factors attributed to the machining process 
2. The species of the wood 
3. The moisture content of the wood 
Analysis of the wood cutting process in published literature [66-69] examines all of these 
three effects, with publications investigating defects in the wood grain such as knots [70]. 
As previously discussed in this chapter, wood has three planes of symmetry; axial, radial and 
tangential. Corresponding these planes of symmetry are the cutting directions by which 
machining processes can be described (figure 2.2). When referring to a machining direction 
the nomenclature states a labelling system consisting of two number separated by a hyphen. 
The first number denotes the orientation of the cutting edge to the wood grain direction; the 
second number denotes the movement of the tool with respect to the grain direction. To 
illustrate this, the three main cutting directions are listed: 
 
• 90°-90° - The axial plane or the wood end grain. Both the cutting edge and tool 
movement are perpendicular to the grain.  
• 0°-90° - The radial and tangential planes, cutting across the grain. The cutting edge is 
parallel to the grain but the tool movement is perpendicular. 
• 90°-0° - The longitudinal plane, cutting along the grain. The cutting edge is 
perpendicular to the grain but the tool movement is parallel. 
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Previous research into wood-cutting mechanics investigates machining parallel and 
perpendicular to the grain [66, 68-74]. Additionally, more recent studies have investigated the 
effects of cutting across the grain at various angles with and against the annual growth rings 
[75-79].   
Evidence from fundamental literature suggests that cutting velocity has negligible effect on 
the forces acting on the tool. This is for the ranges of 0.2 m/s – 6.3 m/s along the grain [69] 
and 2.5 m/s – 50 m/s across the grain [67]. 
2.2.2 The Plaining Process 
Plaining is a process by which a knife edge removes a layer of material on the top surface of a 
work-piece. As there is clearly material removal in the form of chip or swarf, analysis of the 
chip formation is often used to characterize the process. Early research into the metal-cutting 
process by Ernst [3], Merchant [4], Lee and Shaffer [80] has established relationships between 
the cutting conditions and the deformed chip. These relationships have successfully explained 
the process as plastic deformation of an isotropic material. As wood is an anisotropic material 
chip formation changes with respect to the machining direction. 
 2.2.2.1 Orthogonal Planing 
The first comprehensive investigation into wood machining [67] investigated the effects of 
varying tool geometry and species factors for plaining operations. In experimental work 
evaluating the cutting action of the tool, the work-piece properties were not varied 
standardising on Finish birch as the sole species. It was found that the main cutting force was 
inversely proportional to the sharpness of the tool, i.e. the sharper the tool, the lower the force. 
It is also stated at this point that the thrust force is caused by contact between the rake face 
and the chip. The larger the rake angle the thicker the chip and hence the lower the thrust 
force. This is because the chip is not being compressed. Although it is observed that there is 
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no significant effect of cutting velocity on the major cutting force, the orientation of the tool 
with respect to the grain does have a significant effect on the cutting forces. The highest 
cutting forces are observed to be in the 90°-90° direction (wood end grain) with the lowest 
cutting forces in the 90°-0° direction (cutting along the grain).  
In other experimental work the tool sharpness and rake angle remain constant for the testing 
of 21 different species of wood. Analysis of data found a linear trend between the density of 
the wood and the major cutting force. From this empirical data a predictive model for cutting 
force was created. 
For orthogonal wood cutting, extensive work into the chip formation produced through varied 
cutting conditions has been carried out by Franz [66, 74], McKenzie [69], Woodson and Koch 
[68, 71]. The cutting tools used in the experiments represent a planning tool that removes 
material across the entire width of the work-piece. This set up typically consists of the tool 
being attached to a force dynamometer consisting of two strain gauges (measuring cutting and 
thrust force components). Cutting along the grain gives three types of characterised chip 
(figure 2.3):  
• Type I chip is caused by a large rake angle producing a negative thrust forces (acting 
in a positive vertical direction relative to the work-piece). The wood fibres split ahead 
of the tool and finally fail due to bending. This type of chip is beneficial where quick 
removal of material is required. 
• Type II chip is formed by a very sharp tool edge and a diagonal plane of shear. 
Excellent surface finish is achieved due to the continuous chip formation. 
•  Type III chip is caused by dull tool edges, and very small or negative rake angles. It is 
also suggested that very large depths of cut may form this chip where there is too 
24 
 
much contact with the blade surface. This type of chip causes a raised fuzzy grain 
where wood fibres become protrudes, hence a poor surface finish.  
 
Further work done cutting across the grain by Woodson and Koch [71] demonstrates that 
higher moisture contents increases the length of chip type II before failure. The forces 
observed in the latewood cells are approximately double that of the earlywood cells with a 
positive correlation between cutting force and moisture content. The same publication 
documents the effects of cutting across the grain in what is described as the veneer peeling 
process. This process uses high rake angles (approximately 70°) and small depth of cut (less 
than 1 mm) with a nosebar used to compress the cells before cutting to ensure that the veneer 
remains a single unbroken sheet. The chip is formed by an initial compaction of the wood 
fibres (3) followed by an ongoing shearing process (2) with some tensile failure also observed 
(1) (figure 2.4). This form of cutting results in higher forces and discontinuous chip compared 
to veneer peeling. Cutting forces for ealywood and latewood in this direction are the same. 
McKenzie [69] investigated the effects of cutting across the grain and discovered two distinct 
chip types (figure 2.5). Type I is typical for cutting wood with a very high moisture content 
and type II for low moisture content. The cutting mechanics for both conditions specify a 
tensile failure mode causing parallel gaps to propagate between the fibres; however these gaps 
become larger with decreased moisture content. Cutting forces in this direction are strongly 
affected by cell type, moisture content, depth of cut, and rake angle where the values of the 
cutting force for latewood are approximately three times the value for earlywood.  
Further research conducted by Goli et al [75, 76, 78, 79, 81, 82] delves into the change in 
cutting mechanics when machining at different angles to the annual growth rings. The grain 
orientation that provides the highest forces and leaving behind the most protruded fuzzy grain 
is cutting in the 90°-90° direction, against the annual growth rings at 45° [75]. As previously 
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discovered by Kivimaa [67] cutting parallel to the grain provides the lowest cutting force 
values [77] with chip formation characteristic of the Franz type 1 chip. Furthermore cutting at 
angles with the annual growth rings produces smaller cutting forces and less fuzzy grain 
compared to cutting against the growth rings [76].  
Analysis of the formation of the surface finish is also investigated [81-84]. Surface roughness 
measurements using a perthometer (optical 3D roughness measurement) and a profileometer 
(surface roughness stylus) were taken to quantify the surface finish of the woods. Machining 
in the standard machine directions (90°-0°, 0°-90°, 90°-90°) provides results concurrent to the 
respective chip formation types of Franz, McKenzie and Koch. Typically cutting along the 
grain provides a better surface finish than cutting across the grain, where the effects of 
moisture content, rake angle, depth of cut and edge sharpness all affect the surface finish in 
the same way as previously investigated in the fundamental studies [66, 68, 69]. When 
investigating the new area, cutting at angles with and against the annual growth rings, it is 
established that the surface roughens is significantly larger when cutting at angles against the 
growth rings as opposed to with the growth rings. This is verified by both surface roughness 
measurement techniques.       
2.2.2.2 Oblique Planing 
In orthogonal cutting, it has been known for tools with large rake angles (>25°) to produce a 
negative thrust forces (acting in a positive vertical direction relative to the work-piece), 
although this observation is usually attributed to larger depth of cut [66, 71]. For oblique 
cutting parallel to the grain, the cutting and thrust forces decrease as the oblique edge angle 
increases [85, 86]. As observed with orthogonal cutting, it is also recognised that negative 
thrust forces can also occur when wood is machined using oblique tools [86]. This occurs for 
the same cutting conditions as with oblique cutting (large rake angles and depths of cut) for 
oblique edge angles over 30°. It is recognized that the negative thrust  forces cause the 
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propagation of longitudinal cracks in front of the knife edge during cutting [66, 87, 88]. By 
decreasing the rake angle and depth of cut the magnitude of the negative thrust force becomes 
lower, and eventually changing from negative to positive. This reduces the roughness of the 
surface caused by the chip splitting ahead of the tool, instead leaving behind a slight fuzzy 
grain [89]. 
Cutting perpendicular to the grain it has been observed that fibres have been pulled out or up-
rooted from the work-piece [90]. After investigation this phenomenon is explained to be 
caused by lateral forces exerted on the work-piece by the oblique tool [89], causing an 
increased in surface roughness compared to that of surfaces that have been machined using 
orthogonal tools. Furthermore an increase in the oblique edge angle causes more fibres to be 
pulled out and hence an increase in the surface roughness of the work-piece.    
A study investigating cutting using extreme oblique angles [91] states that cutting with very 
large oblique angles (45° to normal and above) provides a much better surface finish when 
compared with orthogonal cutting. This is a result of the time delayed edge engagement and 
an increased cutting edge contact with the work-piece. This effect also results in lower forces 
acting on the tool, which in turn, reduces tool wear.  
2.2.3 Effects of Worn Edges on Cutting Mechanics 
2.2.3.1 Causes of wear in wood-cutting tools 
In a comprehensive review on wood cutting tool wear [92] it is concluded that the abrasive 
wear plays the largest role is edge recession of tools. From recent studies [93-97] it is evident 
that cemented carbide tools are extremely sensitive to corrosive wear suggesting that high 
speed steel is a better corrosion resistant alternative. Having said this, it has been known for 
corrosive wear to significantly affect high speed steel when cutting green wood [96, 98]. This 
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is due to much higher moisture content values as well as naturally occurring acids and 
phenolic compounds.    
The presence of silica and other mineral entrapments is known to play a role in corrosive wear 
[99], however further study has showed that the silica residue found within the wood cell 
walls plays a very small role. Instead contamination with coarse silica during the harvesting 
and storage of timber/lumber is seen to contribute in a larger way to corrosion. It is also 
suggested that the mechanical properties of tool material at the tip, or even coating materials, 
can be altered by corrosive wear [100]. This can allow the effects of abrasive wear to become 
more prominent or even result in brittle failure. 
2.2.3.2 Effects of tool wear on cutting mechanics 
Kivimaa was the first to notice an increase in cutting forces due to the dulling of the cutting 
edge [67]. It has been documented that all of the tool forces (cutting, thrust and side force) are 
sensitive to tool wear [101] with side force said to be the most affected by wear. 
Further research documents a rise in the cutting force with respect to continuous length of cut 
[102]. Cutting force vs. length of cut has a similar trend to edge recession vs. length of cut 
[103]; both exhibit a rapid exponential rise which then levels off. A more detailed study offers 
an explanation of how tool forces increase due to wear [104] describing the wear and cutting 
force increase over a continuous length of cut in three stages. 
1. An exponential increase in cutting force which levels off – This is caused by the initial 
blunting of the tool. 
2. A linear increase with small gradient – The tool is now blunt and this trend is caused 
by edge rounding where the radius gradually increases 
3. An exponential increase and then failure – When critical edge radius has been reached 
the clearance face starts to wear, eventually causing the failure of the tooth.        
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Using this knowledge, research into a predictive model for tool wear was conducted [105] 
revealing a linear relationship between the main cutting force and the square root of the edge 
radius. It is also noted that the relationship between the main cutting force and wear on the 
clearance face is approximately linear.  
Compared to machining using sharp tools, it is widely accepted that worn edges generally 
lead to a more compressed chip formation and the work-piece is left with a fuzzier, protruded 
grain [66-69, 71] . This is for all of the major machining directions.  
2.3 Mechanics of Wood Sawing 
2.3.1 Tooth and Blade Geometry 
Nomenclature for tooth geometry is detailed by British Standards [106]. The geometry of the 
saw teeth can be varied to suit the end use of the saw (appendix 3). Rip saws have un-bevelled 
cutting edges and small rake angles to remove material parallel to the grain. Cross cutting 
saws however need negative rake angles and sharp bevelled edges to sever the wood fibres 
perpendicular to the grain. Compound saw teeth have more than one cutting edge so can 
generally perform well cutting both parallel and perpendicular to the grain. Fleam teeth are 
usually seen on bow-saws for cutting green wood, the rake and flank angles are the same to 
allow cutting in both directions. 
The thicknesses for the blade raw material is also specified [106] with the prospective user in 
mind (appendix 3). The teeth should be alternately set on either side of the blade. 
Approximately two-thirds of each tooth measured from the tip shall be set and the method of 
setting shall be such that the remainder of the tooth will remain un-deformed. The set width of 
the left and right set teeth should be equal and shall be expressed as a ratio of the thickness of 
the blade. For cross cutting and general use saws not less than one-fifth and not more than 
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two-fifths the thickness of the blade on each side. For rip saws no less than one-quarter and no 
more than one-half the thickness of the blade on each side. Saw blades use a variety of 
different set patterns depending upon the wood grain direction and the driving method (either 
manual or machine driven). Hands saws use a variation of the raker set.  
During rip sawing the wood fibres are initially compressed and then sheared [107]. Post 
shearing the compressed fibres adjacent to the shearing edge spring back nearly to their 
original position. For this reason, the set of the saw must be large enough to prevent the 
sprung back fibres from making contact with the body of the saw. Softwoods produce fuzzy 
grain leaving the kerf not as cleanly cut as hardwoods, hence sawmills processing mainly 
softwoods apply greater set widths to the saw teeth.  
Increased gullet size limits the number of teeth per unit of length of blade (i.e. decreases 
pitch). The feed velocity during sawing must be reduced for decreased pitch saws to prevent 
an excessive depth of cut per tooth known as over-biting. Conversely small gullet sizes tend 
to increase the tooth pitch [107]. In band sawing the cutting velocity needs to be reduced as 
sawdust can become compressed within the reduced gullet. The reciprocating cutting stroke 
does not provide enough of a respite for the sawdust to be removed from the kerf. In order to 
overcome these problems it is recommended that the area of the gullet should be 
approximately the same as the area of the tooth. Furthermore the bite of the tooth should be 
approximately one third of set width. This is to ensure that the smallest of the sawdust 
particles will not be any larger than the set width and hence will be completely swept out of 
the machined groove by the set teeth reducing lateral cutting forces. 
Using a blade with uniform tooth pitch results in the set and unset teeth having the same bite 
profile and hence the same principle cutting and thrust forces [108]. Using a differential pitch 
i.e. the gullet size of the set teeth is smaller than that of the neutral teeth, means that the set 
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teeth have only a fraction of the bite of the neutral teeth.  This results in the role of the set 
teeth to be that of removing swarf from the kerf rather than actually performing any of the 
cutting action. Reduced lateral cutting forces and wear are observed for the set teeth. 
Bevelling the outer lateral edge of the set teeth reduces the bite profile and improves the 
surface quality through less damage to the fibres (creating cleaner cuts) [109]. Bevelling the 
inner lateral edge of the set teeth can as much as double the bite increasing the bite profile, 
cutting forces and reduces the surface quality. Overall bevelled teeth reduce cutting forces 
hence improving cutting performance. Uniform tooth pitch and geometry results in high 
surface quality and accurate sawn dimensions. The number of teeth/points per 25 mm shall be 
in accordance British Standards [106]. The teeth shall be evenly formed as shown by 
geometrical nomenclature (appendix 3). 
2.3.2 Tool Forces 
2.3.2.1 Recording Tool Forces 
Cutting forces for single saw tooth tests are generally measured and recorded using one or 
more piezoelectric transducers. A piezoelectric transducer is a quartz crystal that generates an 
electric charge in response to an applied load. They can be calibrated to measure exact forces 
with very small margins of error. The simplest of data acquisition systems consist of a single 
transducer connected to a single saw tooth, aligned to measure the force in the direction of 
cutting [110]. Where three transducers are simultaneously used to measure forces in the X, Y, 
and Z directions, they are collectively referred to as a force dynamometer. Dynamometers are 
generally set up to constrain the work-piece (wood) and thus record the resultant forces 
applied by the single tooth. The transducers aligned in the X, Y and Z directions are set up to 
record cutting, lateral and thrust forces. Usually the X, and Y directions record cutting or later 
forces and the Z direction records the thrust force, although this is completely depended on 
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orientation of the tool path with respect to the work-piece. This method has also been used for 
a constrained tooth with the work-piece attached to a moving feed bed [111]. As far as wood 
cutting mechanics are concerned, the tool forces are the most important measured response 
attributed to the tooth for a repeatable work-piece (i.e. if the work-piece stays the same but the 
tooth changes).  This can either be in the pure, unaltered force form [5-7, 9, 70, 72], or as a 
specific force value with respect to depth of cut or volume of material removed [8, 112-114]. 
 2.3.2.2 Tool Force Trends 
For band-sawing operations machining across the wood fibre direction positive rake angles of 
15°-30° are used for high power driven processes [107]. The tooth is allowed to “hook” or 
“barb” onto the work-piece to allow for quick machining. These rake angles would be far too 
large hand sawing operations as the forces required for cutting would be too large to perform 
manually. Clearance angles are varied (between 6°-16°) for varying feed velocities. This is to 
prevent the flank of the tooth from making unnecessary contact with the work-piece during 
sawing. This will decrease the overall friction hence reducing thrust forces. Research into the 
effects of changing the rake angle of band-saw teeth when machining the wood end grain (the 
90°-90° direction), has yielded interesting results with regard to the force in the direction of 
cutting [115].  Three teeth with 25°, 30° and 35° rake angles were examined. It was found that 
the largest rake angle produced the lowest cutting forces and the smallest rake angle produced 
the largest cutting forces.  
A comparison of the performance between individually set teeth and swaged teeth show a 
reduction in lateral forces for the swaged teeth [116]. Furthermore a quadratic relationship has 
been established between the variation (standard deviation) of lateral forces and side 
clearance. Through analysis of  the cutting, thrust and side forces a mechanistic cutting force 
model could be developed evaluating the individual roles of the set and neutral teeth [112]. It 
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was found that the unset teeth contribute to the majority of the cutting and thrust forces and 
the set teeth cause the majority of the lateral forces measured. 
A numerical model using the un-deformed chip of the set and neutral teeth has been 
developed to estimate the cutting resistance and principle cutting force [117]. This 
information has been used to aid design of the set band-saw teeth for reduced wear. The bite 
of an individual tooth, or depth of cut, is often used to approximate the un-deformed chip 
thickness (figure 2.6).   
            b1s	=	b1n 1- 12 cos ks
     (2.6) 
            b10=  
 -b1n      (2.7) 
            Cr= FHns+1.h1n.b1i       (2.8) 
Where: 
b10 approximate un-deformed width of chip for neutral teeth, mm 
b1s approximate un-deformed width of chip for right- and left-set teeth, mm 
b1i total un-deformed width of chip, mm 
b1n nominal width of chip, mm 
Cri  cutting resistance, mm 
FHi  main cutting force, N 
h1n  nominal un-deformed chip thickness, mm 
ns  number of teeth between two subsequent equally set teeth 
ks  setting angle, degrees 
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Specific cutting pressure, Ks, is used to rate the performance of the bite of a single tooth using 
the un-deformed area, A, the force acting along the x axis, Fx [112]. Ky and Kz are the 
coefficients in the y and z axes respectively. 
  Ks	= FxA         (2.9) 
  Ky	= FyA         (2.10)  
  Kz	= FzA         (2.11) 
Regression analysis has been frequently used to develop predictive cutting force models for 
simple rip tooth geometries [5-7, 72] were a linear decrease in the cutting force for an 
increased positive rake angle (10° – 30°) has been observed [72]. At the same time a linear 
increase in cutting forces is observed for increased edge radii (5 – 20 µm). This shows that in 
the ripping scenario sharp teeth with small rake angles provide the lowest cutting forces. 
Factors that are considered to have a significant effect of the major cutting force are depth of 
cut, rake angle, and edge radius. Cutting force increases with depth of cut, increases with edge 
radius and decreases with rake angle. Furthermore cutting the wood end grain yields the 
largest cutting forces with the lowest cutting forces observed machining along the fibre 
direction. Work-piece parameters have been used as predictors in statistical modelling to 
describe force trends. The most often used parameters are density, moisture content and grain 
direction although coefficients of have previously been determined to discretely quantify 
wood species [7]. Adding additional moisture to a piece of timber leads to swelling, likewise 
removing moisture from timber leads to shrinking. As a result of this change in volume, the 
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density did not dramatically change with respect to moisture content. Higher tool forces are 
observed when cutting wood species of greater density [5, 6]. It is generally accepted that tool 
forces decrease with increased work-piece moisture content, an exception to this rule is for 
frozen wood specimen [7]. Increased moisture content for frozen wood leads to an increase in 
tool forces. Furthermore, it is observed work-pieces at decreasing sub zero temperatures lead 
to a significantly higher tool forces.      
An investigation into lateral tool forces was conducted for sharp bevelled tooth geometries 
[9]. Very sharp teeth yielded in-significant lateral forces in all machining directions. Lateral 
forces only became noticeable when the teeth became worn or damaged. In this instance high 
lateral forces were observed machining both the wood end grain (90°-90° direction) and 
across the fibre direction (0°-90° direction) with lower lateral forces machining along the 
grain (90°-0° direction).  
2.3.3 Chip and Surface Formation 
Research into the effects of varied rake angle band-saw teeth on the on surface formation was 
conducted [115]. This was performed machining in the 90°-90° direction (wood end grain). 
Three teeth with 25°, 30° and 35° rake angles were examined. Initially, it appeared that the 
25° and 35° rake angles produced a smooth work-piece finish after machining, whilst the 30° 
rake angle produced a rough finish with fuzzy grain. Microscope images showed that the 25° 
rake angle only appeared smooth when in fact the machining caused fuzzy grain which was 
then compressed due to the comparably lower rake angle of the tooth. 
A high speed camera has been previously utilised to capture footage of the cutting process for 
single circular saw teeth [10]. The camera was set up to record 40,000 frames per second for a 
circular saw rotating at a speed of 3250 RPM. Green, dry and frozen wood was machined in 
the 90°-0° direction (along the grain) using single rip teeth with rake angles of 0°, 10°, 20° 
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and 30°. The only observed continuous chip formation was for green wood, with the dry and 
frozen work-pieces yielded smaller broken wood particles. Furthermore the footage was able 
to evaluate the action of the gullet. Reduced rake angle leads to a reduction in gullet volume, 
still images from this footage show a build up of wood particles for the larger rake angles 
(lower gullet volume), as the wood chips/particles are prevented from curling past the much 
smaller root radii. This results in an impaction of wood particles in the gullet impeding the 
material removal from the kerf.  
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 Figure 2.1 – Shear Failure Modes [55] 
 
 Figure 2.2 – Wood Machining Directions 
 
 Figure 2.3 – McKenzie Chip Types (Along the Grain) [69] 
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 Figure 2.4 – Veneer Peeling (Across the Grain) [71] 
 
 Figure 2.5 – Machining the Wood End Grain [71] 
 
 Figure 2.6 – Specific Cutting Pressure Model [112] 
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CHAPTER 3  
INFLUENCE OF WORK-PIECE FACTORS ON 
THE CUTTING MECHANICS 
 
3.1 Introduction  
The influence of wood characteristics on the cutting mechanics has been considered before [5-
7, 63, 70, 72, 111, 113, 114], with emphasis of the effect on tool forces. The previous studies 
in this area are either not relevant to handsaw tooth geometries [7, 63, 70, 72, 113, 114] or 
simply do not consider a wide enough range of wood properties to evaluate [5, 6, 111].       
The aim of experimental work discussed in this chapter was to develop a predictive cutting 
force model using wood work-piece properties as predictors. This aim was facilitated by the 
following objectives: 
• The determination of a variety of wood properties through standard mechanical test 
procedures 
• Controlled cutting tests measuring the cutting (Fv), thrust (Fp) and side (Fr) forces 
using a piezo-electric dynamometer 
A simple, orthogonal, rip tooth geometry was selected for the cutting tests to limit the number 
of tooth geometry parameters maintain the focus on the wood work-piece properties instead. 
This rip tooth geometry was machined from high speed steel. 
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3.2 Methodology 
3.2.1 Router Machine Test Rig 
The experimental test rig comprised of a rip tooth geometry driven by a 3 axis CNC router 
machine (figure 3.1). The tool was mounted to the router arm using a specially designed 
clamp. The tool path could be accurately assigned using the CNC software that accompanied 
the router machine. The wood work-piece was attached via a clamp to a force dynamometer 
equipped with three piezoelectric load cells measuring the cutting, thrust and side force 
components acting on the tool. The router machine arm could be driven in the X, Y and Z 
directions. The velocity in the X and Y directions could be varied between 1 – 100 mm/s and 
in the Z direction 1-50 mm/s.   
3.2.2 Force measurement instrumentation 
The simplified test rig schematic (figure 3.2) shows how the tool forces were measured during 
cutting. The cutting tool (1) passed through the work-piece clamped to the dynamometer.  The 
dynamometer platform fed into the cutting tool in even increments for each stroke (2). The 
forces applied to the work-piece stimulated a charge output from the transducers which then 
channelled through to the charge amplifiers (3). These amplified values were converted from 
analogue to digital (4) and finally were recorded on the PC (5).  
To elaborate, the Kistler type 9377C dynamometer consisted of three piezoelectric 
transducers measuring forces in the x, y and z directions (appendix 6). The x and y axes 
transducers had a sensitivity of 3.9 pC/N and could measure up to 75 kN of force. The z axis 
had a sensitivity of 1.95 pC/N and could measure up to 150 kN of force. The signal output 
from each transducer was channelled into an analogue charge amplifier (one amplifier per 
transducer). The input sensitivity was calibrated to match the transducer sensitivity (in pC) 
and the output range was set to 100 N = 1 V up to a maximum output of 10 V (1 kN). The 
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output from the charge amplifier was then channelled to a data acquisition PLC, converting 
the analogue signal to digital allowing the forces to be recorded on a PC using LabView 
signal express. 
To verify that the data acquisition set up was accurately measuring the forces; loads were 
applied to each axis using the Instron universal testing machine. This was performed within 
the loaded range of 1 – 5 kN measuring not only the force in the direction of the load but also 
the cross interference in the other two directions. For all three axes the measurement of the 
forces started to lose accuracy beyond the 2 kN region. This was not seen as significant cause 
for concern, as the highest of the recorded forces for single tooth tests fell below 1 kN. When 
loading the X and Y axes cross interference in the other two un-loaded axis was observed to 
be more prominent than when loading the Z axis alone. However, these measured values were 
less than 10% of the force measured in the loaded axis. 
3.2.3 Error Evaluation (appendix 6) 
Before the commencement of controlled cutting test runs, the test rig was carefully evaluated. 
This consisted of calibration of the data acquisition (performed routinely) and estimation of 
the systematic errors involved in cutting using the router.  The two key parameters 
investigated were depth of cut and unwanted forces (noise) induced by machine vibration. 
ObomodulanTM tooling board was used to investigate all of the parameters. This is because it 
is approximately the same density as wood (470 kg/m3) but it is homogenous and isotropic, 
hence defects in the material are minimised.  
3.2.3.1 Machine noise forces 
The magnitude of vibration forces of the router were determined to be negligible compared to 
the magnitude of the tool forces. As the machine forces threshold was determined, any forces 
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that that registered below this threshold were removed during analysis, leaving only data 
acquired during at the time of cutting.  
3.2.3.2 Depth of Cut 
Maintaining a level surface and constant depth of cut carried a degree of difficulty. The most 
effective solution to this was to machine a groove in the work-piece using an end mill 
attached to the router arm. This process ensured that the tool axis of the router was parallel to 
the work-piece. The work-piece was not disturbed until the single tooth passes through the 
machined groove. The depth of cut is the most critical machining parameter as it is the hardest 
to control. The values of depth of cut typical in sawing (0.05-0.2 mm) were investigated 
increasing to much larger depths (up to 1.2 mm). The error 0.1 and 0.2 mm was calculated to 
be (+/-) 70% and (+/-) 30% respectively, which is considerably large for controlled testing . 
The smallest value with an acceptable error limit was 0.4 mm with (+/-) 12.5% error. Hence it 
was decided at this point to perform the experiment with depth increments no smaller than 0.4 
mm. 
3.2.4 Work-Piece 
The annual growth rings, along with other defects, give all wood species anisotropic 
properties. In order to evaluate the error caused by this, cylindrical samples of dry Scots pine 
(<6% moisture content) were machined along and across the grain in various machining 
directions as well as cutting through knots. All cuts were taken at 1 mm depth of cut using a 
rip tool with 1 mm edge width. Similarities can be drawn between the method for this error 
measurement and the research performed by Costes [77]. The key difference being that in this 
case the orientation of the tool changes with respect to the annual growth rings rather than the 
wood grain direction. The results show that the machining across the grain with and against 
the inclination of the growth rings result in an insignificant difference in the  major cutting 
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force (Fv), with no significant error in all of the major machining directions. The error cutting 
through knots was found to be significantly large and hence was avoided during controlled 
tests. 
3.2.4.1Moisture Content 
Regulation of moisture content is an important variable to consider for machining and hence 
was controlled within a certain range. During the seasoning process timber manufactures use 
a specialist kiln to dry wood. In the absence of a kiln, a fan assisted oven was used instead. 
Results from initial tests showed that moisture content varied throughout the work-piece and 
took a certain amount of time to reach equilibrium. There were four methods of treatment 
employed to obtain the desired moisture levels. Spruce was selected to evaluate the moisture 
regulation; work-piece samples prepared had dimensions of 50x25x100 mm. A protimeter 
was used to measure work-piece moisture content probing the radial plane at a depth of 10 
mm and the tangential plane at a depth of 5 mm.  
1. The wood as it arrives from the supplier is usually in the range of 9-11% moisture 
content. This is due to the seasoning treatment performed at the saw mill. No 
additional processes were applied to the wood to achieve the desired moisture content 
(approximately 10%). 
2. To achieve a dry work-piece (<6% moisture content) the seasoned wood as it arrived 
from the supplier was dried for 20 - 30 minutes at 100°C.   
3. To reach the fibre saturation point, the wood was submerged under water for 48 hours 
with no additional treatment. 
4. To achieve approximately 20% moisture content the wood was submerged under 
water and then dried for 20-30 minutes at 100°C. 
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After the woods were treated for the individual moisture levels, they were stored in vacuum 
sealed containers for a minimum of 120 hours to allow for redistribution of moisture 
(appendix 5). 
3.2.5 Tool Force Measurement 
Recorded tool force data for wood samples along the grain displays cutting (Fv) and thrust 
forces (Fp) at a steady state for uniform chip formation. It must be noted that the grove 
machined by the tool exhibits little disturbance, i.e. it is a clean cut with no chip break off 
points. Cutting across the grain, is an entirely different scenario. Cutting and thrust forces 
fluctuate significantly; this is due to the tool machining through the earlywood fibres (lower 
density) and then latewood fibres (higher density).  
3.2.6 Cutting Velocity vs. Cutting Forces 
Evidence from fundamental literature suggests that cutting velocity has negligible effect on 
the forces acting on the tool. This is for the ranges of 0.2 m/s – 6.3 m/s [1] along the grain and 
2.5 m/s – 50 m/s across the grain [2]. This has been investigated further by a velocity 
experiment performed in a lathe (appendix 4). The tool dynamometer platform holding a band 
saw rip-tooth of 2 mm thickness was fed into the rotating work-piece at intervals of 0.5 mm 
depth per cut. Twelve cuts were taken at each velocity for each work-piece variation (along 
and across the grain). The first two cuts were not used to calculate the average as these 
operations were used to make the work-piece parallel to the tool path arc. The following 10 
cuts were used to calculate the average cutting and thrust forces.  
The findings show that cutting velocity has no significant effect on the major tool forces for a 
velocity range of 0.5 and 2.5 m/s. Examination of collected chip formation and kerf, using an 
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optical microscope, show no significant changes in the formation of chip in this velocity 
range. 
3.2.7 Mechanical Test Procedures 
A further programme of work was completed providing complimentary data to the cutting 
force data obtained through the single tooth tests. ASTM D143-09 standard test procedures 
for three point bending and longitudinal shear was implemented to characterize wood strength 
across and along the grain respectively. ASTM standards were selected over British standards 
as they could be more easily performed in the Instron universal testing machine. 
3.2.7.1 Three point Bending 
All tests were performed using the ASTM standard methodology described in the literature 
review chapter 2 of this report (2.1.4). The span (L) of all of test specimens was kept at 
300mm with a 20mm depth (d); this is in keeping with the specified 14:1 minimum span to 
depth ratio. An additional criterion that was also specified by the standard was a 1.3 mm/min 
crosshead maintained throughout testing until failure. The wood is placed into experimental 
set-up in the Instron machine (figure 3.3) where the apparatus is placed between a loaded 
anvil and a 10 kN load cell.   
3.2.7.2 Determination of Modulus of Rupture and Modulus of Elasticity 
In order to calculate these values a force displacement must be obtained using the Instron data 
acquisition system. The linear region where Force is directly proportional to Displacement is 
taken to be the elastic region where no permanent deformation occurs. Force and 
Displacement measurements from this region are used to calculate MOE (equation 3.2). The 
Force measurement at the point of fracture is the subsequently used to calculate MOR 
(equation 3.1).    
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  MOR	= 3FL2bd2  At point of fracture    (3.1) 
  MOE	= FL34bd3ω   At elastic limit    (3.2) 
3.2.7.3 Longitudinal Shear 
As with the three point bending tests, all tests were performed using the ASTM standard 
methodology. The experimental set up (figure 3.4) also uses the 10 kN load cell.  All 
proportions for the test piece used in experimentation are detailed below. A 0.6 mm/min 
crosshead maintained throughout testing until failure. 
3.2.7.4 Determination of Modulus of Rigidity (G) and Shear Strength (τ) 
As the shear zone is square, both the length and width are taken to be a. Equations 3.3 and 3.4 
can be modified to accommodate the standard test specimen. Once again a Force 
Displacement plot was acquired to determine the elastic region and the point of fracture  and 
G are calculated using equations 3.2 and 3.3 respectively.    
  				τ	= FA   At point of fracture   (3.3) 
  ∴ τ	= Fa2    
  			G	= τ
γ
= FLAx  At elastic limit   (3.4) 
  ∴G	=	 Faa2x = Fax 
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3.2.7.5 Toughness (U) 
Toughness was calculated from the stress strain curves (figure 3.5) generated from the Instron 
machine force extension plots. The stress strain curve was in the form of a quadratic 
polynomial.  Toughness (U) was obtained by taking the definite integral of the quadratic 
function between zero and the point of facture (n) (equation 3.5). 
  U	=	  fε	= (aε2+bε+c)0n0n      (3.5) 
3.2.8 Statistical Treatment of Data 
3.2.8.1 Simple Least Squares 
Regression models with only one variable and one measured response use simple, linear least 
squares method to determine the equation of a straight line for n number of data plots. This 
can be expressed in the form of equation 3.6: 
  y	=	βx+α       (3.6) 
Where β and α are the unknown coefficients. β is calculated using least squares and then 
substituted into equation 3.7 using the average values of the x and y values to calculate α. 
Now both the β and α coefficients are known, they can be substituted into equation 3.8 
defining the equation of the fitted line which can be superimposed over the plotted values. 
  β	=	 ∑ (ni=1 xi-x)(yi-y)∑ (ni=1 xi-x)2       (3.7) 
  α	=	y-βx        (3.8) 
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3.2.8.2Multiple least squares 
Multiple least squares can be used to determine a linear relationship between a measured 
response and multiple variables. The multiple variables are expressed by means of a design 
matrix (equation 3.9), allowing the regression equation to be expressed in the form of 
equation 3.10. 
  X =x11 … x1px21 ⋯ x2p⋮ ⋱ ⋮
xn1 ⋯ xnp!     (3.9) 
y	=	β0+β1xi,1+…+βpxi,p+α  "i=1,…,n#																					(3.10)	
  
In order to determine the coefficients of each x variable [$%  = {β0, β1, βp}] least squares is used 
(equation 3.11).   
f&β'(	=	 ∑ (ni=1 yi-Xβ')2	=	&y-Xβ'('&y-Xβ'(   (3.11) 
The derivative of the beta function provides the normal equation 3.12.  
f '&β'( = -2X'(y-Xβ') = 0      (3.12) 
∴(X'X)β'	=	X'y 
The inverse of the X’X product matrix is applied to both sides providing the coefficient for 
the specific x variable (equation 3.13). 
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  β'	=	(X'X)-1X'y      (3.13) 
3.2.8.3 Analysis of Variance (ANOVA) 
ANOVA is used to determine the statistical validity of regression models. The first stage of 
this analysis involves the partitioning of the degree of freedom (DF) terms (equation 3.14). 
Where K is the number of terms in the study and N is the total number of obtained data points 
(equations 3.15, 3.16). 
  DFTOT	=	DFREG	-	DFRES    (3.14) 
  DFREG	=	K	-	1      (3.15) 
  DFRES	=	N	-	K      (3.16) 
This is followed by the partitioning of the sum of squares (SS) terms (equation 3.17). Where 
yi....n are the predicted response values, ŷi....n are the actual responses and + is the average of all 
plotted response values (equations 3.18, 3.19). 
  SSTOT	=	SSREG	-	SSRES    (3.17) 
  SSREG	=	 ∑ (y,i-y)2ni=1      (3.18) 
  SSRES	=	 ∑ (yi-y,i)2ni=1      (3.19) 
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The R2 value acts as a ratio determining how well the fitted regression line can predict the 
outcome of the individual data points (equation 3.20).  
  R2 = 1 - SSRESSSTOT      (3.20)      
F testing is used to compare different regression models and is calculated using mean squared 
(MS) values (equations 3.21, 3.22). It is used to compare the variability between and within 
the data group’s analyzed (equation 3.23). 
  MSREG	=	 SSREGDFREG      (3.21) 
  MSRES	=	 SSRES	DFRES      (3.22) 
F VALUE	=	 Between Group VariabilityWithin Group Variability 	=	MSREGMSRES  (3.23) 
The P value is used to test the statistical significance of the obtained test data. It uses the 
cumulative probability function [f(y)] for the data set, where -+. ≥ 0 is the probability 
distribution of the response value +. with respect to the random variable X. Any “P value” of 
less than 0.05 (within 95% confidence interval) shows that its respective model is statistically 
significant.   
  f(y)	=	 ∑ P(yi≥X)ni=1      (3.24) 
  P VALUE	=	1-f(y)     (3.25) 
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3.2.9 Experimental design 
The tool used in the experiment has geometry similar to rip tooth formations (figure 3.6). The 
tool has an orthogonal cutting edge with a width of 1 mm and a rake angle (γ) of zero. To 
ensure that the cutting edge was sharp the tool was sharpened using precision grinding 
equipment at regular intervals. Although it was assumed that no edge recession occurred 
during the cutting tests, the test runs were randomised to counteract any systematic error 
related to the sharpness of the cutting edge. The two machining directions selected for the 
experiment were 90°-0° (across the grain) and 0°-90° (along the grain) as these are deemed to 
be the most common directions for manual wood-sawing. 
Eight species of wood were evaluated in the experiment, five softwoods (Scots Pine, Yellow 
Pine, Siberian Larch, Douglas Fir and Western Red Cedar) and three hardwoods (Ash, Beech 
and Sapele). Each of these wood species had four nominal moisture levels; Dry (<6%), 10%, 
20% and Saturated (>30%). Including the two machining directions this amounts to sixty-four 
work-piece variables. The wood was machined both along and across the radial plane, this 
was because the ratio of earlywood to latewood bands in this plane are approximately 1:1. 
Each of the sixty-four work-piece variations was machined at three depths of cut; 0.4, 0.8 and 
1.2 mm, providing a total of one hundred and ninety-two cutting thrust and side force values 
for analysis.  
Table 3.1 – Randomised sequence of test runs to eliminate systematic error 
Direction Species Scots 
Pine 
Yellow 
Pine 
Siberian 
Larch 
Douglas 
Fir 
Western 
RedCedar 
Ash Beech Sapele 
Parallel DRY 60 2 24 14 41 6 26 16 
10% 53 13 43 9 45 48 61 39 
20% 37 42 23 34 46 40 27 19 
SAT 32 17 21 59 58 3 62 11 
Perpendicular DRY 33 10 55 22 63 18 54 8 
10% 64 18 1 5 29 51 31 30 
20% 44 20 12 35 57 4 7 15 
SAT 49 36 52 25 47 56 50 38 
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3.3 Results 
3.3.1 Mechanical Properties 
In general the average strength of the wood species tested across the grain obtained through 
the three point bending tests (denoted by MOR) was measured to be over 50 times greater 
than the strength along the grain obtained through the longitudinal shear tests (denoted by τ). 
The average elasticity of the wood across the grain (denoted by MOE) was measured to be 
nearly 400 times greater than along the grain (denoted by G). 
3.3.1.1Shear 
The average shear strengths recorded (τ) range from 5 – 12 MPa (figure 3.7). The highest 
values represent the three hardwoods tested which have values approximately 45 % greater 
than the softwoods. Furthermore a linear decrease in strength is observed with an increase in 
moisture content. The elastic modulus in shear (G) of the wood species evaluated range from 
15 – 230 MPa with the larger values once again representing the hardwoods. These values are 
approximately 50 % greater than the softwoods. The elastic modulus exhibits a negative linear 
trend with respect to moisture content. 
3.3.1.2 Bending 
For all moisture levels evaluated, values for mean modulus of rupture in bending (MOR) for 
the wood species evaluated range from 50 - 90 MPa (figure 3.8). A linear decrease is 
observed for increased moisture content with the highest values yielded by the three 
hardwood species tested, on average 70% greater than the softwood values. The values for 
mean modulus of elasticity in bending (MOE) of the wood species evaluated ranges from 
40000 – 80000 MPa with a linear decrease in elasticity also observed for increased moisture 
content. The results from the force extension plots show there is no discernable pattern to 
suggest that the hardwoods yield higher MOE values than the softwoods.  
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3.3.1.3 Toughness 
The average response plots for toughness i.e. the energy absorbed by the wood up to the point 
of fracture, shows that the magnitudes were not as significantly affected by the grain direction 
as the materials strength (MOR and τ) or elasticity (MOE and G). The mean toughness 
obtained from the three point bending stress vs. strain plots (Ub) yielded approximate values 
of only 10% greater than the mean toughness obtained from the longitudinal shear stress vs. 
strain plots (Us). This holds true for the relationships with respect to moisture content and for 
the individual wood species evaluated. 
Table 3.2 – Obtained Mechanical Properties 
 
Species MOE  MOR Ub G τ Us ρ MC 
 
  (GPa) (MPa) (J/m2) (MPa) (MPa) (J/m2)  (kg/m3)  (%) 
D
R
Y
 (
N
O
M
IN
A
L)
 
Scots Pine (SW) 6.28 79.21 33250 151.47 9.53 26650 576.64 6.00 
Yellow Pine (SW) 5.08 47.72 24910 286.27 6.28 17100 484.80 6.00 
Douglas Fir (SW) 6.92 72.01 49000 236.51 7.58 34080 496.62 8.00 
Western Red Cedar (SW) 9.15 99.28 40600 52.78 8.62 31730 671.57 6.00 
Siberian Larch (SW) 7.33 65.24 49020 260.16 9.31 54000 638.46 8.00 
Ash (HW) 5.75 105.57 84000 277.03 17.06 94300 912.87 6.00 
Beech (HW) 8.89 127.44 61750 363.83 15.55 86400 669.00 6.00 
Sapele (HW) 7.80 92.73 58050 219.11 18.17 57200 819.08 6.00 
AVERAGE 7.15 86.15 50070 230.90 11.51 50180 658.63 6.50 
RANGE 4.07 79.72 59090 311.05 11.89 77200 428.07 2.00 
STANDARD DEVIATION 1.44 25.24 18350 94.06 4.65 28200 148.44 0.93 
1
0
%
 (
N
O
M
IN
A
L)
 
Scots Pine (SW) 5.83 61.99 21000 152.64 7.97 25200 559.04 14.00 
Yellow Pine (SW) 4.03 47.62 19200 91.30 5.69 16120 436.15 11.00 
Douglas Fir (SW) 6.14 58.57 24750 43.32 3.97 26850 478.93 14.00 
Western Red Cedar (SW) 3.95 54.60 22100 268.98 4.76 26250 460.96 11.00 
Siberian Larch (SW) 6.70 88.62 28840 208.32 10.34 27280 615.38 11.00 
Ash (HW) 8.23 119.09 61740 123.21 14.20 84000 850.73 10.00 
Beech (HW) 11.36 95.04 47250 211.37 14.15 60750 696.65 11.00 
Sapele (HW) 9.11 113.05 45500 691.02 14.31 28600 759.75 8.00 
AVERAGE 6.92 79.82 33790 223.77 9.42 36880 607.20 11.25 
RANGE 7.41 71.47 42540 647.70 10.34 67880 414.58 6.00 
STANDARD DEVIATION 2.54 27.77 15670 202.15 4.43 23080 151.22 1.98 
2
0
%
 (
N
O
M
IN
A
L)
 
Scots Pine (SW) 6.49 53.85 8750 128.55 10.85 15260 546.36 20.00 
Yellow Pine (SW) 3.24 30.57 3840 46.22 2.22 11700 416.88 25.00 
Douglas Fir (SW) 4.47 40.92 20470 152.23 4.85 21000 462.60 25.00 
Western Red Cedar (SW) 4.69 56.63 10330 138.98 3.74 16640 434.53 25.00 
Siberian Larch (SW) 4.08 48.80 22500 136.96 5.76 24080 604.35 20.00 
Ash (HW) 7.76 103.94 42750 84.88 7.32 70950 714.17 24.00 
Beech (HW) 5.11 78.47 42000 209.07 7.17 35500 737.15 27.00 
Sapele (HW) 3.15 62.47 38740 195.14 10.64 28250 632.64 23.00 
AVERAGE 4.87 59.46 23670 136.50 6.57 27920 568.59 23.63 
RANGE 4.61 73.37 38910 162.85 8.63 59250 320.27 7.00 
STANDARD DEVIATION 1.58 22.93 15730 53.23 3.08 18980 124.04 2.50 
S
A
T
 (
N
O
M
IN
A
L)
 
Scots Pine (SW) 4.41 47.00 15400 6.21 5.70 9100 530.23 32.00 
Yellow Pine (SW) 2.49 26.65 10200 7.75 2.31 7100 407.70 35.00 
Douglas Fir (SW) 3.66 29.69 22000 25.20 4.42 11600 448.67 35.00 
Western Red Cedar (SW) 4.33 43.84 21930 19.91 3.49 11000 354.88 30.00 
Siberian Larch (SW) 4.45 40.83 22800 7.71 4.71 14200 575.65 32.00 
Ash (HW) 5.62 73.15 45990 18.45 6.34 40000 708.26 45.00 
Beech (HW) 5.84 76.76 45600 16.20 8.35 31200 787.75 40.00 
Sapele (HW) 4.78 69.15 45000 19.54 11.39 21000 595.21 31.00 
AVERAGE 4.45 50.88 28610 15.12 5.84 18150 551.04 35.00 
RANGE 3.35 50.11 35790 18.99 9.08 32900 432.87 15.00 
STANDARD DEVIATION 1.06 19.64 14610 7.02 2.89 11760 147.96 5.13 
3.3.2 Tool Force Average Responses 
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In general the highest average force values are observed to be in the direction of cutting (50 – 
160 N) followed by the values in the direction of thrust (15 – 40 N). The lateral tool forces are 
observed to be the lowest recorded (2 – 6.5 N). The trends for cutting, thrust and side forces 
are dealt with separately within this section. 
3.3.2.1 Cutting Force (Fv) 
The major cutting force was noticeably affected by two parameters; the wood grain direction 
and the moisture content (figure 3.10). Cutting force vs. Depth of cut shows that the cutting 
forces exhibit a linear increase with respect to depth of cut (figure 3.9). Furthermore, recorded 
forces display a more exaggerated effect across the grain illustrated by the larger gradient. 
These recorded force values across the grain range from 6% greater than along the grain at 0.4 
mm depth of cut to 40% greater at 1.2 mm depth of cut. Cutting force vs. Moisture content 
exhibits a linear decrease in cutting forces for increased moisture content. The difference 
between force values across and along the grain becomes significantly more prominent with 
reduced moisture content. These recorded cutting forces across the grain range from 7% 
greater than along the grain for dry (<6% moisture content) wood to 88% greater for saturated 
(>30% moisture content). When looking at the values for individual wood species it is clear 
that the softwood species yielded lower cutting forces than the hardwood species. The only 
exception to this is Siberian Larch which yielded an average cutting force value of 100 N, 
which is 40% greater than the other softwoods tested. 
3.3.2.2 Thrust Force  
Unlike the major cutting force, the thrust force was not significantly affected by the wood 
grain direction. Similar to the recorded cutting force values, for thrust force vs. Depth of cut 
the trend shows an increase in force for increased cutting depth. Cutting across the wood grain 
at 1.2 mm depth yielded a force only 4% greater than along the grain, being the largest 
difference between the two trends. Likewise, Thrust force vs. Moisture content still has a 
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negative linear trend with respect to moisture content, however this time at its highest. The 
mean recorded thrust force across the grain is only 10% greater than along the grain at a 
moisture content of 20. Softwood species yield much lower thrust forces than hardwoods 
however grain direction still has no noticeable influence on these force values. 
3.3.2.3 Side Force (Fr) 
Wood grain direction and moisture content both prove to have a significant effect on the side 
force however there is no noticeable difference between the mean side force values observed 
for hardwoods and softwoods respectively. Side force has a non-linear relationship with 
respect to depth of cut with more exaggerated mean side forces observed machining along the 
grain with values of 40%, 160% and 200% greater than across the grain (at depths of cut of 
0.4 mm, 0.8 mm and 1.2 mm respectively). As with the mean cutting and thrust forces, side 
force has a negative correlation with respect to moisture content. In this instance side force 
values along the grain are measured to be approximately 4N greater than across the grain. 
3.3.3 Chip Formation 
3.3.3.1 Along the grain 
Discontinuous (broken) chips were observed for dry work-pieces of all wood species at all 
three depths of cut (figure 3.11). The finish quality of the affected part of the work-piece 
surface appeared poor due to several break-off points of the chip.  
Continuous chip formation occurred for work-pieces at 10-20% moisture content for 0.4 - 0.8 
mm depth of cut as well as for saturated work-pieces at 0.4 mm depth of cut (figure 3.12). The 
surface formation left behind by this type of chip appeared to have high quality surface finish 
on account of the reduced amount of chip break off points.  
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Fuzzy chip formation occurred mainly for saturated work-pieces (with some occurring at 20% 
moisture content) at the larger depths of cut of 0.8 and 1.2 mm (figure 3.13). The surface 
finish of the work-piece displayed up-rooted wood fibres left behind in the groove. It was 
apparent from the microscope images (appendix 7) that this type of formation occurred more 
frequently for softwoods than hardwoods. 
3.3.3.2 Across the grain 
Bending was observed to be the primary failure mode for all depths of cut machining across 
the grain. However, the depths of cut that provide better visibility are 0.8 – 1.2 mm (figure 
3.14). The work-piece surface formation was greatly affected by moisture content. For dry 
wood a sever degree of work-piece deformation was observed, with a visible channel down 
the centre of the tool path. At 10-20% moisture content it is visible that the fibres have been 
ploughed through, however the channel down the centre of the affected area is less visible on 
account of the wood fibres springing back towards the tool path. For saturated it appeared that 
even less of the ploughed area was deformed, in some instances it is even hard to see visible 
evidence that a tool has passed through it. This suggests one thing. Higher moisture content 
causes an increase in the elasticity of the wood fibres. For higher moisture content the fibres 
break and then attempt to spring back towards the initial position, for dry wood the fibres 
simply split and remain in that position due to the lack of fibre elasticity. 
3.3.4 ANOVA 
ANOVA (analysis of variance) tables were constructed (tables 3.2 – 3.9) using the simple 
least squares method. These tables display R2, F values and p values as described in the 
methodology (equations 3.12 – 3.23). Specific cutting force (Fsp), defined as force over depth 
of cut was used as the response value for the selected categorical predictors. Across the grain 
these predictors are: modulus of elasticity (MOE), modulus of rupture (MOR), density (ρ) and 
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bending toughness (Ub). Along the grain the predictors are; shear modulus (G), shear strength 
(τ), density (ρ) and shear toughness (Us). Moisture content (MC) was not selected for these 
trials in order to keep an emphasis on the properties obtained through mechanical testing. The 
spread of the residual Fsp values had data a range of 159 N/mm across the grain and 168 
N/mm along the grain. Standard deviation was also calculated with values of 34 across the 
grain and 33.5 along the grain. 
All tables returned p values of zero showing that all of the simple linear models are 
statistically valid. The ultimate material strength values yielded the highest R2 and F values 
with F=131, R2=58% for MOR across the grain and F=127 R2=57% for τ along the grain. The  
toughness followed the same pattern as the strength properties with F=162, R2=63% for Ub 
across the grain and F=125, R2=67% for Us along the grain. The elastic properties yielded the 
lowest values with F=42, R2=31% for MOE across the grain and F=37, R2=28% for G along 
the grain. Density (ρ) returned relatively large values across the grain F=149, R2=61% 
compared to along the grain F=60, R2=39%. 
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Table 3.3 – Fsp vs. MOE across the grain 
Fsp vs. MOE 
Analysis of Variance 
 
Source      DF      SS       MS      F      P  R2 
Regression   1   33135  33135.4  42.40  0.000  33.1 
Error       94   73463    781.5 
Total       95  106599 
 
Regression Equation Fsp = 38.51 + 0.0009183 MOE 
 
RANGE = 167.9 
SD = 33.48  
 
Table 3.4 – Fsp vs. MOR across the grain 
Fsp vs. MOR 
Analysis of Variance 
 
Source      DF      SS       MS       F      P  R2 
Regression   1   62051  62050.7  130.93  0.000  57.8 
Error       94   44548    473.9 
Total       95  106599 
 
Regression Equation Fsp = 26.54 + 0.9507 MOR 
 
RANGE = 167.9 
SD = 33.48  
 
Table 3.5 – Fsp vs. ρ across the grain 
Fsp vs. ρ 
Analysis of Variance 
 
Source      DF      SS       MS       F      P  R2 
Regression   1   65338  65338.0  148.85  0.000  60.9 
Error       94   41261    438.9 
Total       95  106599 
 
Regression Equation Fsp = - 18.68 + 0.1860 ρ 
 
RANGE = 167.9 
SD = 33.48  
 
Table 3.6 – Fsp vs. Ub across the grain 
Fsp vs. Ub 
Analysis of Variance 
 
 
Source      DF      SS       MS       F      P  R2 
Regression   1   67407  67407.2  161.67  0.000  63.2 
Error       94   39192    416.9 
Total       95  106599 
 
Regression Equation Fsp = 42.32 + 0.00001466 Ub 
 
RANGE = 167.9 
SD = 33.48  
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Table 3.7 – Fsp vs. G along the grain 
Fsp vs. G 
Analysis of Variance 
 
 
Source      DF      SS       MS      F      P  R2 
Regression   1   30294  30294.1  37.07  0.000  28.3 
Error       94   76818    817.2 
Total       95  107112 
 
Regression Equation Fsp = 55.16 + 0.1286 G 
 
Range = 159.3 
SD = 33.58  
 
Table 3.8 – Fsp vs. τ along the grain 
Fsp vs. τ 
Analysis of Variance 
 
 
Source      DF      SS       MS       F      P  R2 
Regression   1   61517  61517.4  126.83  0.000  57.4 
Error       94   45594    485.0 
Total       95  107112 
 
Regression Equation Fsp = 25.04 + 5.951 τ 
 
Range = 159.3 
SD = 33.58  
 
Table 3.9 – Fsp vs. ρ along the grain 
Fsp vs. ρ 
Analysis of Variance 
 
 
Source      DF      SS       MS      F      P  R2 
Regression   1   41553  41552.6  59.58  0.000  38.8 
Error       94   65559    697.4 
Total       95  107112 
 
Regression Equation Fsp = - 13.79 + 0.1483 ρ 
 
Range = 159.3 
SD = 33.58  
 
Table 3.10 – Fsp vs. Us along the grain 
Fsp vs. Us 
Analysis of Variance 
 
 
Source      DF      SS       MS       F      P  R2 
Regression   1   61149  61148.7  125.06  0.000  57.1 
Error       94   45963    489.0 
Total       95  107112 
 
Regression Equation PSC = 38.46 + 0.00001087 Us 
 
Range = 159.3 
SD = 33.58  
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3.3.5 Regression Models 
General linear models were created using the multiple linear regression method using all of 
the categorical predictors. In both cases the major cutting force, Fv, was the measured 
response with MOE, MOR, ρ, Ub, MC and δ as predictors for the model across the grain 
(table 3.11) and G, τ, ρ, Us, MC and δ as predictors for the model along the grain (table 3.12). 
The regression plots (figure 3.15) are shown with 95% prediction intervals along with the 
histograms (figures 3.16) display the distribution of the residual plots with respect to the 
regression line. The models exhibit R2 values of 80% and 90% along and across the grain 
respectively. Additionally, the ratio of range to standard deviation is considered (R/SD). 
These values evaluate the spread of the data and the variance. They are 4.54 and 4.66 along 
and across the grain respectively.  
Models excluding selected categorical predictors were also developed. Predicting Fv along 
the grain by negating G returned an R2 value of 78.9% (table 3.14). By negating ρ along the 
grain returned an R2 value of 79.1% (table 3.15). By negating both G and ρ along the grain 
returned an R2 value of 78.6% (table 3.16). These only differ by a very small amount from the 
R2 value of 80% when all categorical predictors are used. Predicting Fv across the grain by 
negating MOE returns and R2 value of 85.9% compared to the slightly larger value of 90 
when using all categorical predictors (table 3.13).  
It is also noticed that the F values from the ANOVA tables vary when using different 
combinations of categorical predictors. Along the grain these vary from 59.33 using all of the 
categorical predictors, 67 excluding G, 68 excluding ρ and 84 excluding both G and ρ. Across 
the grain yields and F value of 90.54 using all of the categorical predictors and a value of 110 
excluding MOE.  
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Table 3.11 – ANOVA table, model 1 across the grain 
MODEL 1 – ACROSS GRAIN 
 
FvP = - 72.7 - 0.000093 MOE + 0.235 MOR + 0.0594 ρ + 108 δ -0.129 MC +0.0000526 Ub 
R-FV = 210.4  SD-FV = 45.12  
 
Analysis of Variance 
Source          DF      SS     MS      F      P R2 
Regression       6  166247  27707  90.54  0.000 90 
Residual Error  89   19924    306 
Total           95  193443 
 
Table 3.12 – ANOVA table, model 2 across the grain 
MODEL 2 – ACROSS GRAIN (NO MOE) 
 
FVP = - 75.2 + 0.0000171 MOR + 0.0596 ρ + 108 δ - 0.093 MC + 0.0000549 Ub 
R-FV = 210.4  SD-FV = 45.12  
 
Analysis of Variance 
Source          DF      SS     MS       F      P R2 
Regression       5  166149  33230  109.58  0.000 85.9 
Residual Error  90   27293    303 
Total           95  193443 
 
Table 3.13 – ANOVA table, model 1 along the grain 
MODEL 1 – ALONG GRAIN 
 
FVP = - 15.3 + 0.0243 G + 2.54 τ - 0.0246 ρ + 65.4 δ - 0.301 MC + 0.0000492 Us 
R-FV = 155.7  SD-FV = 34.29 
 
Analysis of Variance 
Source          DF      SS     MS      F      P R2 
Regression       6   89347  14891  59.33  0.000 80 
Residual Error  89   22337    251 
Total           95  111684 
 
Table 3.14 – ANOVA table, model 2 along the grain 
MODEL 2 – ALONG GRAIN(NO G) 
 
FV = - 11.0 + 2.89 τ - 0.0234 ρ + 65.4 δ - 0.486 MC + 0.0000454 Us 
R-FV = 155.7  SD-FV = 34.29 
 
Analysis of Variance (Linear Model) 
Source          DF      SS     MS      F      P R2 
Regression       5   88069  17614  67.13  0.000 78.9 
Residual Error  90   23615    262 
Total           95  111684 
 
Table 3.15 – ANOVA table, model 3 along the grain 
MODEL 3 – ALONG GRAIN(NO ρ) 
 
FV = - 22.1 + 2.08 τ + 65.4 δ - 0.397 MC + 0.0000422 Us + 0.0237 G 
R-FV = 155.7  SD-FV = 34.29 
 
Analysis of Variance (Linear Model) 
Source          DF      SS     MS      F      P R2 
Regression       5   88344  17669  68.13  0.000 79.1 
Residual Error  90   23340    259 
Total           95  111684 
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Table 3.16 – ANOVA table, model 4 along the grain 
GLM ALONG 4 (NO G, NO ρ)  
 
FV = - 17.5 + 2.44 τ + 65.4 δ - 0.573 MC + 0.0000389 Us 
 
R-FV = 155.7  SD-FV = 34.29 
 
Analysis of Variance (Linear Model) 
Source          DF      SS     MS      F      P R2 
Regression       4   87812  21953  83.69  0.000 78.6 
Residual Error  91   23872    262 
Total           95  111684 
 
3.4 Discussion 
3.4.1 Mechanical properties 
Average response at failure has shown a negative correlation between the strength in bending 
(MOR) and strength in shear (τ) with respect to moisture content. The hardwoods are 
observed to yield higher strengths than the softwoods; approximately 70% higher in Bending 
and 45% higher in Shear. The results in the elastic region reflect the results at the point of 
fracture. The modulus of rigidity (G) for longitudinal shear was observed to be within the 15 – 
230 MPa range for all wood species tested. The elastic modulus (MOE) in bending was 
observed to be within the range of 40000 – 80000 MPa. The toughness for longitudinal shear 
(Us) was measured to be in the range of 18000 – 50000 J/m2 compared to the slightly larger 
range of 29000 – 50000 J/m2 for bending (Ub). Although the toughness values were obtained 
from the same force vs. extension plots (once converted to stress vs. strain plots) as the elastic 
properties and material strength, they are in no way proportional. Remembering that the 
elastic modulus was obtained from the linear section of the force vs. extension plot and the 
ultimate strength was obtained at the point of fracture; the toughness is described in a 
different way. Fracture toughness is defined as the energy absorbed by the material up until 
the point of fracture, i.e. the area under the stress strain curve. The ultimate strength is not 
dependent upon strain however the toughness is. The elastic modulus is dependent upon the 
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extension, but only within the linear region of the curve. Beyond this region the material may 
deform plastically without fracture allowing more extension to occur. All of these results for 
mechanical properties are typical compared to previously recorded properties in literature [55, 
59].  
When comparing the cutting and thrust forces to this data, certain relationships become 
noticeable. Elastic moduli and stress at point of fracture have a negative gradient with respect 
to moisture content, the cutting and thrust forces have the same trend for both grain directions. 
The difference between the softwood and hardwood values at point of fracture is more 
prominent than that of the elastic region. The material strength (MOR and  follow exactly 
the same pattern with respect to moisture content and individual wood species as the major 
cutting force. Although the elastic properties (MOE and G) also follow these trends the 
magnitudes are much smaller suggesting that material strength has a more significant 
influence on the major cutting force than the elastic properties. This is discussed in greater 
detail using the findings from ANOVA in section 3.2.2. 
3.4.2 Tool Forces 
The average tool forces recorded in the experimental work was used to quantify the cutting 
mechanics for specific work-piece conditions. The average cutting, thrust and side force 
responses all exhibit a negative linear trend with respect to moisture content.   The average 
cutting and thrust forces both increased linearly with respect to depth of cut; however the side 
force has a non-linear trend. As only three depths of cut were performed in the experiment the 
function of the curve was not obtained. The most probable cause for this type of trend is an 
increased contact between the lateral edge of the rip tooth and the work-piece for increased 
depths of cut.  
64 
 
Grain direction yielded the most interesting results. The average cutting forces machining 
across the grain yielded significantly higher values than machining along the grain. This is not 
the same for the thrust force or the side force. The average thrust forces observed are not 
significantly affected by the grain direction. The average side forces have an entirely different 
trend. The magnitude of the side force is much greater along the grain than across, up to 200% 
for the larger depths of cut.  
When looking at the behaviour of the individual woods, certain trends are noticed. In general, 
the three hardwoods included in the experiment produced higher cutting and thrust forces than 
the softwoods with no discernable trend for side forces for the differing wood species.  One 
exception to this rule is Siberian Larch which exhibits higher forces along the grain than its 
other softwood counterparts. Since wood is an anisotropic material, a wood species such as 
Siberian Larch can yield cutting force responses in one machining direction akin to 
softwoods. However, in the opposite direction it can yield forces similar to hardwoods. One 
explanation for this is the environmental factors associated with the growing conditions of the 
wood. Siberian Larch grows in extremely cold climates. The extended cold growing season 
results in the annual growth rings consisting of a larger proportion of the much denser 
latewood cells. In softwoods growing in the more temperate climates the ratio of earlywood to 
latewood cells would be approximately 1:1. Any factors attributed to growing conditions can 
influence the intrinsic properties of the wood. 
Overall, the force in the direction of cutting is the most significant making the largest 
contribution to tool resistance during cutting. Average tool force values show that the cutting 
force is approximately 4.5 times larger than the thrust force and 25 times larger than the side 
force across the grain. Along the grain the cutting force is approximately 3.5 times larger than 
the thrust force and 10 times larger than the side force. It is for this reason that the ANOVA 
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and regression analysis focuses primarily on the recorded cutting force values as the response 
data.  
3.4.3 Chip Formation 
Similarities and differences in the chip formed during the rip tooth machining experiment 
have been compared with results from planing operations [66, 69, 71]. Despite the fact that 
the rip tooth has zero rake angle all types of chip formation along the grain, as postulated by 
Franz [66], were observed. 
It has been established that increasing the contact of the tool face by operating with 
small/negative rake angles and by increasing the depth of cut can cause type III formation 
(this is exacerbated for rough tool faces). This only occurs for higher moisture contents.  
In the case of dry woods, the chips start to resemble type I formation. A group of fibres are 
initially compacted causing a longitudinal crack to propagate in front of the tool. Eventually 
these fibres shear along the formed crack.  
Type II formation usually requires a positive rake angle for continuous chip formation. In this 
instance the reason why this formation is observed is because optimum parameters have been 
achieved. A combination of optimum moisture content and low depth of cut must be achieved 
(10-20% at 0.4-0.8 mm and saturated at 0.4 mm) assuming that the tool used has been 
sharpened.  
The work done to previously explain chip formation across the grain does not provide any 
useful information regarding the rip tooth machining experiment. The main reason for this is 
because no material removal occurred. Instead the rip tooth ploughed through the wood fibres. 
Woodson and Koch [71] investigated the mechanics of cutting across the grain for planing 
tools with large rake angles and concluded that the chip observed is caused by an initial tear in 
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compression followed by ongoing shear. For the rip tooth (which has zero rake angle) the 
failure mode was observed to be that of bending with no shearing taking place.  
To elaborate further, bending was observed to be the primary failure mode for all depths of 
cut. However, the depths of cut that provided better visibility are 0.8 – 1.2 mm. Work-piece 
surface deformations seems to have been greatly affected by moisture content. For dry wood 
the work-piece appeared greatly deformed with a visible channel down the centre of the tool 
path. At 10-20% moisture content it is visible that the fibres have been ploughed through. 
However, there is less of a visible channel down the centre of the affected area. For saturated 
it appeared that even less of the ploughed area was deformed. In some instances it is even 
hard to see visible evidence that a tool has passed through it. This suggests that higher 
moisture content causes an increase in the elasticity of the wood fibres. For higher moisture 
content the fibres break and then attempt to spring back towards the initial position. For dry 
wood the fibres simply split and remain in that position. 
3.4.4 Regression and ANOVA 
Evidence from recently published literature shows regression analyses have been used to 
develop predictive cutting force models [6, 7, 72]. These models are mainly focused on the 
effects of varied tool geometry for band-saw teeth. A linear decrease in the cutting force for 
an increased positive rake angle (10° to 30°) has been observed [72], whilst at the same time a 
linear increase in cutting forces is observed for increased edge radii (5 to 20 µm). 
The reader should be reminded that the experimental work detailed in this paper used only a 
simple orthogonal cutting tool with zero rake angle to limit the tool geometry parameters. The 
rationale behind this is to thoroughly evaluate the effects of work-piece properties for several 
wood species on the cutting force whilst limiting the tool geometry parameters and cutting 
conditions. It is furthermore assumed that the effects of edge recession (wear) had no 
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influence on the forces as the tool was sharpened during regular intervals. Furthermore, the 
test runs were randomized to remove systematic test run error.  
Work-piece parameters have also previously been used as predictors in statistical modelling to 
describe force trends. The more commonly used parameters are moisture content, grain 
direction and density, although coefficients have previously been determined to discretely 
quantify wood species[6]. It is generally accepted that tool forces decrease with increased 
work-piece moisture content. An exception to this rule is for frozen wood specimens[7]. 
Furthermore, cutting the wood end grain yields the largest cutting forces with the lowest 
cutting forces observed machining along the fibre direction. In general, higher tool forces are 
observed when cutting wood species of greater density [6, 7]. Eyma et al [63] concluded that 
density alone acted as a poor work-piece parameter and that mechanical properties need to be 
utilised in order to develop more accurate cutting force relationships.  
The analysis from this study shows that density is weighted as a much better categorical 
predictor across the grain compared to along the grain. This is by means of higher F and R2 
values across the grain (Fig. 7). The obtained strength properties (MOR, τ) and toughness 
(Ub, Us) are more consistent as categorical predictors. Coefficients were not calculated to 
represent the individual wood species tested. The logic behind this decision was to keep the 
regression models universal, i.e. independent of species. The cutting force can be predicted 
based upon the work-piece mechanical properties, density, and moisture content instead. This 
model proves that the intrinsic properties of the differing wood species have little influence on 
the cutting force when each species has been evaluated using a series of carefully obtained 
mechanical properties.  
After using the R2 and F (figure 3.17) values to determine the effects of each of the 
mechanical properties on cutting force, MOE was removed to re-predict the cutting force 
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across the grain. This did not improve the regression model, and it only reduced the R2 value 
by 4%. Likewise, G and ρ were separately removed to re-predict two separate models. Also, 
G and ρ were removed simultaneously to re-predict an additional model. This once again did 
not improve the original R2 value, but a decrease up to 1.4% was observed. These results 
confirm that the accuracy of cutting force prediction is not significantly influenced by MOE 
across the grain and G combined with ρ along the grain. 
The predictive model across the grain has an R2 value of 90% compared to 80% along the 
grain. The strength and toughness of the wood have consistently proven to be good predictors 
and the elastic properties have consistently proven to be poor predictors. Density is not 
consistent as it proves to be a good predictor along the grain and a poor predictor across the 
grain. The purpose of machining the radial wood plane was to engage the tool with 
approximately the same proportion of earlywood and latewood fibres. This was easily 
achieved across the grain as the tool path is perpendicular to the fibre direction. This was not 
so easily controlled along the grain. In most cases the radial grain pitch was larger than the 1 
mm cutting edge making it extremely difficult to plan a tool path that engages the tool with 
both the less dense earlywood and denser latewood fibres. This leaves the author with three 
assumptions: 
1. The tool passed through the earlywood fibres only 
2. The tool passed through the latewood fibres only 
3. The tool passed through a combination of both that cannot be confidently quantified 
Regardless which of the assumptions is true, it explains why the density acts as a poor 
predictor along the grain resulting in a lower R2 value for the respective model. 
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3.4.5 Regression Model Application 
Dry Spruce was evaluated using the same three point bending and longitudinal shear 
methodologies. The obtained properties (table 3.17) were not used to develop either of the 
two regression models.  Furthermore, controlled cutting tests were performed both along and 
across the wood grain at 0.8 mm depth of cut. The recorded cutting force values across and 
along the grain were 86.4 and 58.3N respectively.  
The numerical regression models detailed for across (table 3.11) and along (table 3.14) the 
grain were used to return predictive cutting force values. These were calculated to be 64.1 and 
45 N across and along the grain respectively. After superimposing these new observed and 
predicted cutting forces onto the regression plots (figure3.18), it became evident that the 
observed and predicted cutting values intersect within the 95% prediction intervals. This 
further proves that the regression models are species independent, i.e. only obtained properties 
are required to predict the cutting forces. 
 
Table 3.17 – Recorded Mechanical Properties of Spruce 
MOE  MOR Ub G τ Us ρ MC δ 
(GPa) (MPa) (J/m2) (MPa) (MPa) (J/m2)  (kg/m3)  (%) (mm) 
6.83 62 25032 175 8.32 20122 627 7 0.8 
 
3.5 Summary of Findings 
1. The average thrust and side forces are measured to be only a fraction of the magnitude 
of the average cutting force. For this reason it was decided that no further analysis 
would be carried out on thrust and side force data collected. The major cutting force 
was the only quantified response evaluated during ANOVA and regression modelling.   
70 
 
2. The chip formation observed when machining along the grain can generally be 
described as an ongoing shearing process. The chips collected resembled the three 
main chip types as postulated by Franz. This indicates a similarity between the cutting 
mechanics for large orthogonal plaining tools and for the rip tooth used in these 
experiments. Moisture content and depth of cut were the major factors that influenced 
the observed chip types.   
3. Optical microscope images of the work-piece surface formation machined across the 
grain shows that the wood fibres are subject to bending prior to failure with no 
evidence of shear taking place. Moisture content was the main factor that influenced 
the surface formation. 
4. The wood shear properties (obtained through the longitudinal shear tests) exhibit the 
same trends as the major cutting force along the grain for the eight wood species 
evaluated. Likewise, the wood bending properties (obtained through the three point 
bending test) exhibit the same trends as the major cutting force across the grain for the 
eight wood species evaluated. This supports the findings from the microscope images 
of chip and surface formation that explicitly show evidence of shearing taking place 
along the grain and bending taking place across the grain. 
5. The regression models prove that: i) the major cutting force for an orthogonal rip tooth 
can be predicted based upon obtained mechanical properties. ii) The intrinsic 
properties of wood species (of which there are many and difficult to evaluate) do not 
significantly influence the major cutting force as long as the wood work-piece has 
been thoroughly evaluated through mechanical testing. This also removes the need for 
calculated wood species coefficients. The recorded and predicted cutting force values 
for spruce (a species of wood not used to develop the model) fall within the 95% 
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prediction intervals of the models (figure 3.18). This further validates the significance 
of the models. 
6. Results from ANOVA show that MOE carries little weight as a categorical predictor 
across the grain compared to the properties. By removing it from the model the R2 is 
only reduced by 4% but the F statistic is increased by nearly 20. G and ρ carry little 
weight as categorical predictors along the grain and once removed from the model the 
R2 value only decreases by 1.4% but the F statistic increases by 23. This shows that 
although the fit of the model (R2) is not improved the ratio of regression to residual 
variance (F) is improved.  
7. The material strength (MOR and ) and toughness (Ub and Us) carry the most weight 
as categorical predictors. Density (ρ) is weighted quiet highly for the predictive cutting 
force model across the grain however it carries little weight along the grain. It has 
been previously suggested in the discussion that this is due to the saw tooth failing to 
cut through the same proportion of both the earlywood and latewood fibres when 
machining along the grain. Machining across the grain the tooth is forced to machine 
through approximately the proportion of both the earlywood and latewood cells. 
 
 
 
 
 
 
 
72 
 
 
Figure 3.1 – Photograph of router machine test rig 
 
 
 
 
 
 
 
Figure 3.2 – Detailed test rig schematic diagram 
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Figure 3.3 – A) Three point bending set up in universal testing machine. B) Schematic 
diagram 
 
 
Figure 3.4 – A) Longitudinal shear set up in universal testing machine. B) Schematic diagram 
 
 
Figure 3.5 – Deformation zones on a typical stress vs. strain curve generated from the 
universal testing machine 
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 Figure 3.6 – Cutting tool geometry (Rip tooth) 
 
 Figure 3.7 – Average shear plots 
75 
 
 Figure 3.8 – Average bending plots 
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 Figure 3.9 – Average tool forces with respect to depth of cut 
 
 
 Figure 3.10 – Average tool force response plots 
77 
 
 Figure 3.11 – Discontinuous (broken) chips 
 
 
 
 
 
 
 
 
 
 Figure 3.12 – Continuous chips 
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 Figure 3.13 – Fuzzy chips 
 
 
 
 
 
 
 
 
 
 Figure 3.14 – Surface formation across grain 
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 Figure 3.15 – Regression plots for cutting along and across the wood grain 
 
 
 
 
 
 
   Figure 3.16 – Residual histogram plots of predictive models for cutting along and across the 
wood grain 
 
 
 
 
 
 
 
Figure 3.17 – Significance of the work-piece properties by means of simple least squares 
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Figure 3.18 – Observed and predicted cutting force values for a random work-piece 
superimposed onto the existing regression models 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
81 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
82 
 
CHAPTER 4 
INFLUENCE OF TOOTH GEOMETRY FACTORS 
ON THE CUTTING MECHANICS 
 
 
4.1 Introduction 
The previous chapter details the findings of experimental work where a simple, orthogonal, 
rip tooth geometry was used.  The purpose of this was to thoroughly investigate the effect of 
the varied work-piece properties on the cutting mechanics (recorded tool forces and chip 
formation) whilst limiting the tool geometry parameters. This chapter does the opposite; the 
work-piece parameters were limited whilst investigating the effects of varied tool geometry 
parameters. In general there are typically three types of handsaw tooth geometry: 
1. Rip teeth – Have orthogonal cutting edges and un-bevelled rake and flank faces. 
2. Bevelled teeth – Have bevelled rake and flank faces. 
3. Compound teeth – Have bevelled rake and flank faces plus additional bevelled 
faces. 
These different types of teeth are used to machine wood in different directions with respect to 
the grain (according to manufacturing product specifications, appendix 2). 
• The un-bevelled (rip) teeth are used to remove material along the grain. 
• The bevelled teeth are used to sever fibres across to the grain. 
• The compound teeth are used to machine wood both along and across the grain. 
The aim of this experimental research was to investigate the influence of specific geometric 
features of the three different saw teeth on the cutting mechanics. This aim was facilitated by 
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measuring the forces acting on the tooth and recording the chip formation using a high speed 
camera. These methods are elaborated upon further in this chapter. 
 
4.2 Methodology 
4.2.1 Selected teeth 
Three tooth geometries were selected from Bahco™ handsaws (figure 4.1). The nominal 
blade thickness for all three geometries was 0.85 mm: 
1. U0º – An un-bevelled (rip) tooth with an orthogonal cutting edge. This tooth has a 
negative rake angle (γ) of 13º and a flank angle (α) of 51º (figure 4.2). 
2. U28º– A tooth with a bevelled rake and flank faces of 28º. This tooth has a negative 
rake angle of 15º and a flank angle of 48º (figure 4.3). 
3. GT– A compound tooth with an additional bevelled face along with the 28º rake and 
flank faces. This tooth has a negative rake angle of 10º and a flank angle of 23º 
(figures 4.4).  
The orientation of the cutting edge to the vertical differs between the three geometries. This is 
caused by the different grinding processes that provide the different bevel orientations. The 
U0° tooth has an orthogonal edge that subtends the vertical at 90º. The U28º has a 28º oblique 
rake face with a major edge that subtends the vertical at 60º. The GT tooth also has a 28 
oblique rake face; the major edge subtends the vertical at 70º.  
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4.2.2 Average Depth per Tooth through Entire Saw Evaluation (appendix 8) 
A series of manual tests were performed by ten experienced handsaw users. The average 
depth of cut per tooth and cutting velocity for saws containing the three selected tooth 
geometries were both determined. Only one species of wood (spruce) with cross sectional 
dimension of 50mm x 50mm was selected. This wood was acquired pre-seasoned from the 
supplier with a measured moisture content of 12%. Sawing was performed only across the 
wood grain. Each experienced user was instructed to saw to a marked depth of 45 mm using 
each of the three saws. Each blade was marked with ink. The length of the blade (l) where the 
ink was removed during cutting was used to indicate the average stroke length.  
In addition to this a reciprocating test rig applying a vertical load of 58N to each saw was 
used to provide comparable values for depth of cut per tooth. An effective controlled stroke 
length (l) of 105 mm was used for each cutting test. This test was performed on only the U28° 
and GT saws. 
The total number of strokes performed (N) and total time taken (t) to complete the 45 mm cut 
were recorded for both the manual and controlled tests. As the tooth pitch was known (7 teeth 
per 25.4 mm) the total number of teeth (T) used to perform the 45 mm cut was determined 
(equation 4.1): 
   T = 34×67.9       (4.1) 
This was then used to calculate the average depth per tooth (equation 4.2): 
   δ = 97;        (4.2) 
The average cutting speed was also determined using the data (equation 4.3): 
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   Vc = 	 4×6>       (4.3) 
Table 4.1 – Average depth per tooth and cutting speed for entire saw 
 Average Depth Per Tooth (mm) Average Cutting Velocity (mm/s) 
Saw 
Used 
Manual Test 
Results 
Controlled Test 
Results 
Manual Test 
Results 
Controlled Test 
Results 
U0° 0.08 - 473.5 - 
U28° 0.11 0.11 524.1 924.5 
GT 0.14 0.1 675.3 943.1 
 
4.2.3 Apparatus and Error Evaluation (appendix 9) 
 4.2.3.1 Single Tooth Test-rig 
A conventional shaper machine (figure 4.5) was procured to perform a linear cutting action 
using selected handsaw teeth. This consisted of a reciprocating arm driven by a 0.75 
horsepower (660 Watt) motor. The main benefit of using the shaper over the router machine 
was greater machine stiffness which allowed for continuous, accurate, but most importantly, 
lower depths of cut to be achieved. The shaper performed the cutting action on the forward 
stroke of the cycle. The wooden work-piece was fed into the direction of cut at small even 
increments to ensure each stroke provided the same depth of cut per tooth. 
4.2.3.1.1 Kinematics 
Displacement plots were taken at regular intervals from a high speed video of the shaper arm. 
Referring to the displacement vs. time plot, for an entire stroke cycle, the velocity of the 
shaper arm was determined. During the first 20 mm of the forward stroke the shaper arm was 
accelerating. Likewise during the last 30 mm of the forward stroke the shaper arm was 
decelerating. The velocity in the remaining 120 mm was linear and was calculated to be 300 
mm/s. This value is approximately 45% lower than the speeds observed during manual 
cutting, however previous research [67, 69] and controlled testing (appendix 4) finds that 
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cutting speed has no significant influence on the cutting forces (Fv). No machining was 
performed on the return stroke, however the velocity calculated in this linear region was 475 
mm/s.  
4.2.3.1.2 Vertical Stiffness 
The stiffness set up determined the vertical stiffness of the shaper arm and hence its ability to 
maintain an accurate low depth of cut. The feed mechanism of the shaper gradually forced the 
rigid fixture into the tool holder; the resultant force was measured through the z axis channel 
of the dynamometer. A displacement dial gauge was positioned at the location where the 
single tooth performed the cutting action. Force readings were taken at every 0.05 mm 
increment of displacement. To prevent damage to the shaper arm the last reading was taken 
below 1 kN. As the force vs. displacement plot is linear the final readings were used to 
calculate the stiffness. The maximum Force and Displacement were 952 N and 0.00035 m 
respectively. These values were used to calculate the vertical stiffness of 2.72 MNm-1. 
4.2.3.2 Tool holder 
The tool holder accommodated a group of set teeth inclined to assure that each tooth 
machined the same depth of cut. The group of teeth machined a groove parallel to the shaper 
arm allowing a subsequent single tooth to machine at a constant depth of cut. The depth of the 
single tooth was set using a feeler (thickness) gauge at the same thickness of the desired depth 
of cut. This measurement was taken as an offset from the last tooth from the group of teeth. 
The teeth were set using the raker pattern (L R N N L R N N). The final two teeth of the 
group were neutral, unset teeth. The following single tooth was also unset and of the same 
bevel orientation as the final tooth of the group.  
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A minimum of eight teeth were used to machine the grove. The left and right set teeth were 
offset from the blade at a nominal width of 0.3 mm to provide sufficient side clearance for the 
single tooth. 
4.2.3.2.1 Control of Depth 
Analysis of data from a series of manual handsaw tests (section 4.2.2) showed that the 
average depth of cut per tooth was in the range of 0.08 – 1.4 mm. The un-bevelled (U0°) teeth 
cut at the lowest depth in the range, the bevelled (U28°) cut at middle of the range and the 
compound teeth (GT) cut at the higher end of the range. Two depths were selected to 
determine the accuracy of the feeler gauge method; 0.05 mm and 0.1 mm. 
In order to gauge the accuracy of the feeler gauge technique for controlling a depth of cut the 
tool set-up was used to machine through a homogenous work-piece (ObomodulanTM) so that 
the bite profiles could be examined under an optical microscope. Two cuts in total were taken; 
the first provided the datum position for the measurement. The following cut was performed 
with the applied depth using the feeler gauge. The measurements using the optical microscope 
approximately matched the depths of cut applied using the feeler gauges. 
4.2.3.2.2 Work-piece width 
In order to assess the effect of work-piece width on tool forces a simple test was devised. This 
consisted of cutting two common timber widths, 25 mm and 50 mm both along and across the 
grain. A depth of 0.2 mm was used for dry Douglas fir only.  
The mean tool forces measured do not vary significantly between the 25 mm and 50 mm 
widths. At this stage the decision was made to carry out all further controlled tests using the 
narrower 25 mm work-piece widths. This conforms to the space between the group and single 
tooth on the tool holder, allowing the tool force recordings to be distinguishable on the same 
shaper arm stroke. 
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4.2.3.3Force Measurement Instrumentation 
The simplified test rig schematic (figure 4.6) shows the basics of how the tool forces were 
measured. The cutting tool (1) passed through the work-piece clamped to the dynamometer.  
The dynamometer platform fed into the cutting tool in even increments for each stroke (2). 
The forces applied to the work-piece stimulated a charge output from the transducers which 
then channelled through to the charge amplifiers (3). These amplified values were converted 
from analogue to digital (4) and finally were recorded on the PC (5). To elaborate, the 
dynamometer consisted of three piezoelectric transducers measuring forces in the x, y and z 
directions. The x and y axes transducers had a sensitivity of 7.5 pC/N and could measure up to 
5 kN of force. The z axis had a sensitivity of 3.7 pC/N and could measure up to 10 kN of 
force. The signal output from each transducer was channelled into an analogue charge 
amplifier (one amplifier per transducer). The input sensitivity was calibrated to match the 
transducer sensitivity (in pC) and the output range was set to 100 N = 1 V up to a maximum 
output of 10 V (1 kN). The output from the charge amplifier was then sent to a data 
acquisition PLC, converting the analogue signal to digital allowing the forces to be recorded 
on a PC using LabView signal express.  
4.2.3.3.1 Calibration 
To verify that the data acquisition set up was accurately measuring the forces; loads were 
applied to each axis using a universal testing machine. This was performed within the loaded 
range of 1 – 5 kN measuring not only the force in the direction of the load but also the cross 
interference in the other two directions. The measurement of the forces started to lose 
accuracy beyond the 2 kN region, at the same point cross interference in the other two 
measured directions became more prominent. This was not seen as significant cause for 
concern, as all of the recorded forces for single tooth tests fell below 1 kN.  
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4.2.3.4 High Speed Camera Set-up 
A high speed video camera was acquired to record footage at the tool work-piece interface. 
The camera was set up to record 1000 frames per second using a macro lens to capture chip 
formation at the macroscopic level. All test runs in the experimental design were recorded 
using this method. When recording the chip formation of a group of teeth the camera lens had 
to be tilted at a downward angle allowing it to view the longitudinal work-piece plane. Unlike 
the tool forces experiment, the interaction between the tooth and the work-piece had to be 
visible at all times. This meant that a group of teeth could not be passed through the work-
piece before the single tooth. This difficulty was resolved by using a small inclined group of 
four unset teeth. The first tooth would perform little to no cutting action before each of the 
following three subsequent teeth passed through the work-piece. This allowed for a constant 
depth per tooth visible to the high speed camera. A 0.15 mm depth of cut was achieved by 
inclining the teeth by 3° (based on a uniform tooth pitch of 7 teeth per 25 mm). Typically the 
first tooth would perform little to no cutting with the second tooth performing the first cut. 
Subsequently the third and fourth teeth would each machine at a depth of 0.15 mm visible to 
the camera. 
4.2.4 Experimental Design 
4.2.4.1 For tool forces 
A total of eight depths of cut were performed by the each single saw tooth; 0, 0.05, 0.1, 0.15, 
0.2, 0.25, 0.3, 0.35, mm. The lowest four depths of cut were taken to represent the depth per 
tooth observed during manual sawing. The higher five depths of cut were taken to build an 
accurate trend of cutting force vs. depth of cut. The set, inclined group of teeth was first used 
to machine a groove parallel to the path of the shaper arm with adequate side clearance. Each 
tooth in the group machined at a depth of approximately 0.15 mm. For U0°, the final group 
tooth was unset to match the single tooth (figure 4.7). For the two bevelled geometries (U28°, 
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GT) the final group tooth was also unset and of the same bevel orientation as the single tooth 
(figure 4.8). All depths of cut for the single tooth were set using the feeler (thickness) gauges, 
providing the required vertical distance between the last tooth from the group and the 
adjustable single tooth.  
Only one wood species (douglas fir) was used in this experiment. This was selected for its 
uniform grain pitch and low knot content. Four work-piece variations were used in the 
experimental design comprising of the two machining directions; along (90°-0°) and across 
(0°-90°) the grain, and two moisture contents; DRY (≈6%) and SATURATED (>30%). Each 
test run was performed 50 times to obtain statistically valid average tool forces (appendix 10).  
 4.2.4.2 For Chip Formation 
High speed video footage was obtained for 12 cutting scenarios: using the U0°, U28° and GT 
teeth machining DRY and SATURATED douglas fir both along and across the grain. The 
unset, inclined group of teeth could only perform a single depth per tooth (approximately 0.15 
mm) compared to the multiple depths performed for the tool force experiment. The chip and 
work-piece surface were both observed under the optical microscope to provide 
complimentary analysis to the high speed video.  
4.3 Results 
4.3.1 Tool Force Trends 
4.3.1.1 Cutting Force (Fc) 
The cutting force values wear measured to be significantly larger than both the thrust and side 
forces (figure 4.9). The values obtained for the U0° tooth geometry wear the largest ranging 
from 10 – 70 N for the increasing depths of cut. The trend for the recorded cutting force vs. 
depth of cut is linear for the U0° tooth geometry. The U28° tooth geometry exhibits a non-
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linear trend for cutting force vs. depth of cut with values ranging from 5 – 25 N for increasing 
depths of cut. The GT tooth geometry also exhibits a non-linear trend for cutting force vs. 
depth of cut with values ranging from 5 – 50 N for increasing depths of cut. When evaluating 
the cutting force trends for specific work-piece conditions it is noticed that the trend is the 
same for each tooth geometry regardless of grain direction or moisture content. Only the 
magnitude of the forces was affected by grain direction. Generally the highest forces wear 
observed for dry work-pieces across the grain, however for U0° and U28° at 0 – 0.1 mm 
depth of cut saturated work-pieces across the grain yielded the highest forces. Dry work-
pieces along the grain yielded lower forces with the lowest cutting forces yielded for saturated 
work-pieces along the grain.    
As the trends for all three tooth geometries are the same, it was possible to determine work-
piece coefficients for each work-piece variation. This was achieved in four steps (figure 4.10):  
1. A column average was taken at each depth of cut from the empirical cutting force 
tables for each tooth geometry. 
2. An augmented results table for each tooth was generated. This was done by dividing 
each empirical cutting force value by the column average. 
3. A row average was taken from each row of the augmented table. This gave work-piece 
coefficients specific to each tooth geometry. 
4. The row averages from the augmented tables for U0°, U28° and GT were aggregated 
providing general work-piece coefficients. 
The work-piece coefficients were able to bring the magnitudes of each work-piece variation 
into the same approximate range (figure 4.11). 
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4.3.1.2 Thrust Force (Fp) 
The recorded mean thrust force values exhibited the same trends as the cutting forces for all 
tooth geometries. For the U0° tooth the values wear approximately 12% the magnitude of the 
cutting forces, 10% for U28° tooth and 11% for GT tooth. There was very little difference 
between the thrust forces obtained along and across the grain. The values along the grain wear 
marginally (approximately 10%) smaller than across the grain for all three tooth geometries.  
4.3.1.3 Side Force (Fr) 
Once again, the side force values exhibited the same trends as the cutting forces for all tooth 
geometries. For the U0° tooth the values wear approximately 2% the magnitude of the cutting 
forces, 1.3% for U28° tooth and 1.6% for GT tooth. The side force values along the grain 
wear noticeably larger (approximately double) than across the grain. The difference between 
the values became more prominent with increasing depth of cut, particularly for the U0° tooth 
geometry. 
4.3.2 Chip formation 
4.3.2.1 Dry along the grain 
From the high speed video it was evident that all three geometries yielded continuous chip 
formations for each tooth that made contact with the work-piece. Optical microscope images 
of the surface formation exhibited uniform, cleanly machined kerfs. This was complimented 
by the collected chip formation which was also uniform. 
An important difference to make note of is the orientation of the chip formation with respect 
to the cutting edge. As the U0° formation is un-bevelled, the chip was formed parallel to the 
rest of the blade and is hence was forced into the gullet in tightly coiled spirals (figure 4.12). 
This did not occur for U28° (figure 4.13) and GT (figure 4.14) primarily due to the bevelled 
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rake face. The chip was formed instead parallel to the 28 bevel angle, with no interaction with 
the gullet observed. 
4.3.2.2 Saturated Along the Grain 
In general fuzzy chip formation was observed for all three tooth geometries evaluated. The 
wood fibres disintegrated when cut from the surface of the work-piece. It is evident from the 
high speed video that the chips did not form ahead of the tooth contrary to the observed 
footage for the dry work-pieces. The chips instead collapse in the opposite direction to the 
tool path. The collected chip formation observed under the microscope exhibits how the wood 
fibres disentangled. To further support this microscope images of the surface formation shows 
the corresponding disentangled fibres that were left behind in the kerf, indicators of the chip 
break-off points. There is little variation between the three tooth geometries in the chip types 
formed (figures 4.15 – 4.17). 
4.3.2.3 Dry across the grain 
In the frame by frame analysis of the U0° geometry (figure 4.18) the initial three frames show 
how the wood fibres deformed perpendicular to the grain, eventually failing in the fourth 
frame. The corresponding optical microscope image of the surface formation exhibits a very 
coarsely cut kerf. No material removal occurred during this process; the fibres were simply 
fractured and displaced.  
For the U28° (figure 4.19) and GT (figure 4.20) formations the prolonged period of 
deformation observed perpendicular to the grain is not seen in the footage. The frame by 
frame analysis shows that cutting with these types of bevelled tooth is a much less aggressive 
procedure. This is supported by the surface formation microscope images which exhibit a 
much more cleanly cut kerf.    
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4.3.2.4 Saturated across the grain 
Evidence of material removal was seen in the high speed footage for all geometries, contrary 
to the machined dry work-pieces across the grain. For instance, the optical microscope image 
of the surface formation showed sections of the kerf were the fibres have been completely 
uprooted (figure 4.21). It was apparent from the corresponding frame by frame analysis that 
these fibres were initially deformed in a similar way to the dry work-piece, however, as the 
fibres sprung back towards the tool path they were subsequently removed from the surface. It 
must be noted that the tooth that initially made contact with these fibres was only performing 
a ploughing action; the uprooting effect was caused by teeth that followed. 
The high speed footage of the U28° (figure 4.22) geometry showed a tooth removing material 
in what appeared to be a similar fashion to the observed footage of chip along the grain. This 
only occurred for one tooth and the corresponding surface formation image did not provide 
conclusive evidence of continuous chip formation across the grain. It was evident from the 
high speed video that the GT (figure 4.23) geometry produced a very small amount of wood 
particles. The observed surface formation is comparable to that of the U28° geometry.  
4.3.2.5 Chip Ratios 
It was possible to the determine chip ratio and shear plane angle for the continuous chip types 
formed machining dry work-pieces along the grain. However, it was not possible to determine 
chip ratio and shear plane angle for the saturated work-pieces (figures 4.24 – 4.26). This is 
due to disintegration of the wood fibres after the tooth has liberated the chip from the work-
piece surface.  
The method of determining the chip ratio used was similar to that used in fundamental metal 
cutting research [3, 4] where:  
 tc – Measured Chip Thickness (mm) 
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α - Rake Angle 
tu - Un-deformed Chip Thickness = Depth of cut (mm) 
rc - Chip Ratio = tu/tc   
φ  - Shear Plane Angle = arctan[(rc cos α) /(1 - rc sin α)] 
From the optical microscope images the chip thickness was measured at the inflection point of 
the helix. This was to ensure that the chip thickness was being measured and not the chip 
width. This proved difficult for the U28° geometry as the thickness and width were similar, so 
arbitrary points of chip thickness were measured. The U0° tooth geometry yielded rc = 0.815 
and φ = 34.7°, U28° yielded rc = 0.882 and φ = 34.75° and GT yielded rc = 0.857 and φ = 
34.12°. 
4.3.3 Parameters and Regression Models 
4.3.3.1 Defined Parameters 
The parameters were defined to develop the categorical predictors for the regression model. 
Five of the parameters used were geometric measurements taken from the three teeth: 
• Rake angle, γ (°) 
• Flank angle, α (°) 
• Wedge angle, β (°) – Also called the sharpness angle. This is calculated as 90° minus 
both the rake and flank angles. 
• Bevel angle, λ (°) 
• Edge inclination angle, k (°) 
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Another five of the parameters used were based upon the interaction between the tooth and 
the work-piece. The CAD drawings (figures 4.27 – 4.28) show this interaction between the 
single tooth and the work-piece after a groove has been machined by the prior group of teeth. 
• Depth of cut, δ (mm) 
• Cutting area, A (mm2) – Defined as the area enclosed between the tooth and the un-
deformed work-piece (diametric view) 
• Major edge contact length, L (mm) – The length of contact between the major cutting 
edge and the work-piece during cutting. 
• Lateral contact length, L' (mm) – The length of contact between the lateral cutting 
edge and the work-piece during cutting. 
• Cut perimeter, P (mm) – Defined as the sum of the major and lateral contact lengths.  
Other parameters not directly related to the tool geometry or interaction with the work-piece: 
• Work-piece coefficient, WPC 
4.3.3.2 Average response plots and Analysis of Variance 
The parameters used as categorical predictors in the regression models were evaluated by 
means of average response plots and analysis of variance. The tool geometry parameters 
(figure 4.29) work-piece coefficient (figure 4.30) and tool/work-piece interaction parameters 
(figure 31) were all evaluated in this way.  
Only two tool geometry parameters were deemed appropriate as predictors for regression 
modelling:  
1. The Bevel Angle (°) – The un-bevelled tooth (U0°) yielded double the average cutting 
force response than the two geometries that have a 28° rake face (U28° and GT). The 
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relationship has an R2 value of 100% although this was inevitable as it was a straight 
line between two data points. 
2. The Edge Inclination Angle (°) – The average cutting force response has an increasing 
linear trend with respect to the edge inclination angle. The relationship has an R2 value 
of 99%.  
The other geometric parameters do not have any distinctive trend with respect to the average 
cutting force response. There is only a small range in rake angles for the three geometries 
evaluate (5°). This is too small to influence the overall cutting forces and the lack of any 
distinctive trend deems this parameter to be insignificant. Cutting forces were only measured 
during the forward stroke; hence no interaction occurred with the rear of tooth. The null 
hypothesis that the Flank and Wedge angles do not have any significant effect on the cutting 
forces is confirmed by the lack of any distinctive trend with respect to the average cutting 
force response.   
The work-piece coefficient has a linear trend with respect to the average cutting force 
response. This relationship is quantified by an R2 of 99%. It must be remembered that the 
work-piece coefficient was originally determined through aggregation of the empirical cutting 
force data; hence it stands to reason that it has a near perfect fit with the average cutting force 
response.  
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Table 4.2 – Bevel Angle vs. Average Cutting Force Response 
Bevel Angle – Analysis of Variance 
 
Source  DF SS  MS  F P R2 
Regression 1 161.82005 161.82005 ∞ 0.00 100 
Residual 0 0  0   
Total  1 161.82005  
 
Table 4.3 – Edge Inclination Angle vs. Average Cutting Force Response 
Edge Angle – Analysis of Variance 
 
Source  DF SS  MS  F  P R2 
Regression 1 233.45  233.45  383.32  0.00 99.7 
Residual 1 0.61  0.609    
Total  2 234.06  
 
Table 4.4 – Work-piece Coefficient vs. Average Cutting Force Response 
Work-piece Coefficient – Analysis of Variance 
 
Source  DF SS  MS  F  P R2 
Regression 1.00 244.43  244.43  1281.02 0.00 99.8 
Residual 2.00 0.38  0.19    
Total  3.00 244.81     
Five tool/work-piece interaction parameters were selected for evaluation: 
1. Depth of cut (mm) – This has a linear trend with respect to the average cutting force 
response with an R2 value of 97.8%. 
2. Cutting Area (mm2) – Each individual tooth geometry can be identified in this plot. 
This is not beneficial to the regression model as the overall R2 value is low (12%) as a 
result of the distinguishable tooth geometries. 
3. Major Edge Contact (mm) – Once again, each individual tooth geometry has a 
distinctive trend with respect to the average cutting force response. The relationship 
has an R2 value of 40%. 
4. Lateral Edge Contact (mm) – There is no distinctive trend for the three different tooth 
geometries. This results in a respectable R2 value of 93.9%. 
5. The Cutting Perimeter (mm) – This parameter is the combined sum of the major and 
lateral edge contact. The trends are similar to those of major edge contact (each 
geometry has a distinctive trend). This value has an R2 of 64%. 
 
 
99 
 
Table 4.5 – Depth of Cut vs. Average Cutting Force Response 
Depth of cut vs. Cutting Force – Analysis of Variance 
 
Source  DF SS MS F P R2 
Regression 1.00 311 311.2 272 0.00 98 
Residual 6.00 6.88 1.15    
Total  7.00 318  
 
Table 4.6 – Cutting Area vs. Average Cutting Force Response 
Cutting Area vs. Cutting Force – Analysis of Variance 
 
Source  DF SS MS F P R2 
Regression 1.00 347 347.3 2.72 0.11 12 
Residual 20.00 2554 127.7   
Total  21.00 2901   
 
Table 4.7 – Major Edge Contact vs. Average Cutting Force Response 
Major Edge Contact vs. Cutting Force – Analysis of Variance 
 
Source  DF SS MS F P R2 
Regression 1.00 327 327 10.12 0.01 40 
Residual 15.00 484.5 32.30    
Total  16.00 811.4  
 
Table 4.8 – Lateral Edge Contact vs. Average Cutting Force Response 
Lateral Edge Contact vs. Cutting Force – Analysis of Variance 
      
Source  DF SS MS F P R2 
Regression 1.00 1853 1853 153.3 0.00 94 
Residual 10.00 121 12.08    
Total  11.00 1973   
 
Table 4.9 – Cutting Perimeter vs. Average Cutting Force Response 
Cutting Perimeter vs. Cutting Force – Analysis of Variance 
 
Source  DF SS MS F P R2 
Regression 1.00 1979 1979 39.33 0.00 64 
Residual 22.00 1107 50.31    
Total  23.00 3085   
 
 
 
Parameters 2-5 are partially influenced by the depth of cut. Average response plots were 
subsequently carried out to determine the influence of the depth of cut on each of the 
parameters (figure 4.32): 
2. Cutting area (mm2) has a linear relationship with respect to depth of cut. Trends for 
the individual tooth geometries cannot be identified. The overall R2 value is 93.7%. 
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3. Major edge contact (mm) also has a linear relationship with respect to depth of cut. 
Trends for the individual tooth geometries cannot be identified. The overall R2 value is 
94.3% 
4. Lateral edge contact (mm) once again has a linear relationship with respect to depth of 
cut. Trends for the individual tooth geometries cannot be identified. The overall R2 
value is 74%. 
5. Cutting perimeter (mm) can still be divided into three separate trends for the 
respective tooth geometries. Each trend has a linear relationship with respect to depth 
of cut. The overall R2 value for cutting perimeter vs. depth of cut is 82%. 
 
 
 
 
 
 
 
Table 4.10 – Cutting Area vs. Depth of Cut 
Cutting Area vs. Depth of Cut – Analysis of Variance 
 
Source  DF SS MS F P R2 
Regression 1.00 0.23 0.23 298 0.00 94 
Residual 20.00 0.02 0.00    
Total  21.00 0.25  
 
Table 4.11 – Major Edge Contact vs. Depth of Cut 
Major Edge Contact vs. Depth of Cut – Analysis of Variance 
 
Source  DF SS MS F P R2 
Regression 1.00 0.20 0.20 247 0.00 94 
Residual 15.00 0.01 0.00    
Total  16.00 0.21  
 
Table 4.12 – Lateral Edge Contact vs. Depth of Cut 
Lateral Edge Contact vs. Depth of Cut – Analysis of Variance 
 
Source  DF SS MS F P R2 
Regression 1.00 0.11 0.11 28.9 0.00 74 
Residual 10.00 0.04 0.00    
Total  11.00 0.14  
 
Table 4.13 – Cutting Perimeter vs. Depth of Cut 
Cutting Perimeter vs. Depth of Cut – Analysis of Variance 
 
Source  DF SS MS F P R2 
Regression 1.00 0.26 0.26 98.00 0.00 82 
Residual 22.00 0.06 0.00    
Total  23.00 0.32  
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  4.3.3.3 Regression Models 
 
The predicted cutting force equations were obtained using the linear multiple least squares 
method. Two models were generated using the selected categorical predictors (figure 4.33): 
1. A model including depth of cut, major edge contact, lateral edge contact, un-deformed 
cut area, edge angle, bevel angle and work-piece coefficient (excluding cut perimeter). 
2. A model including depth of cut, cutting perimeter, edge angle, bevel angle and work-
piece coefficient (excluding major and lateral edge contact).  
Model 1 has an overall R2 value of 90% and model 2 has an R2 value of 88%. There is little 
discrepancy between the two regression plots with regard to the dispersion of the residual data 
points. 
 
Table 4.14 – Model 1 (Excluding Cutting Perimeter) 
Model 1 
 
FV = - 86.4 - 231 Depth of cut (mm) + 42.5 Major edge contact (mm) + 126 Lateral 
edge contact (mm) + 79.9 Undeformed Area (mm²) + 0.497 Bevel angle° + 0.512 Edge 
angle° + 22.9 WPC 
R-FV = 67.53  SD-FV = 14.62 
 
Analysis of Variance 
 
Source          DF       SS      MS       F      P R2 
Regression       7  18191.6  2598.8  108.40  0.000 89.6 
Residual Error  88   2109.7    24.0 
Total           95  20301.4 
 
Table 4.15 – Model 2 (Excluding Both Major and Lateral Edge Contact Width) 
Model 2 
 
FV = - 240 - 237 Depth of cut (mm) + 170 Cut Perimeter (mm) - 26.5 Undeformed Area 
(mm²) + 1.59 Bevel angle° + 1.03 Edge angle°+ 22.9 WPC 
R-FV = 67.53  SD-FV = 14.62 
 
Analysis of Variance 
 
Source          DF       SS      MS       F      P R2 
Regression       6  17871.7  2978.6  109.11  0.000 88 
Residual Error  89   2429.6    27.3 
Total           95  20301.4 
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4.4 Discussion 
4.4.1 Comparison to previous results 
Both the U0° tooth and rip tooth described in chapter 3 both had orthogonal cutting edges 
making chip formation and tool forces comparable.  To further aid the explanation of cutting 
mechanics using teeth with orthogonal edges, the high speed camera was available to provide 
explanations for the chip types observed in chapter 3. 
4.4.1.1 Chip and Surface Formation 
The first thing that must be mentioned is that the discontinuous, broken chips detailed in 
chapter 3 for the dry work-pieces at larger depths of cut (0.8 – 1.2 mm) were not formed by 
the U0° tooth. This is principally due to the fact that only comparably low depths of cut were 
performed in this experimentation (0 – 0.35 mm).  
Continuous chips were produced using the U0° tooth geometry when machining dry work-
pieces along the grain. The same types of chips were also observed machining using the rip 
tooth at low depths of cut for work-pieces ranging from dry to moderate moisture content (6-
20%). The fuzzy chips were produced by both types of tooth only for saturated work-pieces 
along the grain. The high speed video and substantial collection of continuous chip formation 
provide conclusive evidence that cutting wood along the grain is a shearing process. It should 
further be noted that there is very little difference in the chip ratio and shear plane angle 
values for the dry work-piece along the grain. This suggests that the shear cutting mechanics 
along the grain is similar for all three tooth geometries. The only perceivable difference is the 
angle that the chip is formed in relation to the blade. For the bevelled teeth the chip is formed 
parallel to the bevelled rake face and hence is ejected at 28° to the normal of the blade. For 
the un-bevelled tooth the chip is formed normal to the blade and hence is forced to curl into 
the gullet. 
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High speed footage of the U0° tooth geometry shows how the initial fibres deform due to 
bending prior to fracture. The footage of the saturated work-piece does not illustrate this 
deformation process as well. The deformed, displaced fibres can be identified in the optical 
microscope images. The optical microscope images of the surfaces machined using the rip 
tooth are similar to U0°, although more fibres have been uprooted for U0° as more than one 
tooth performed the cut. The high speed video of the deformation prior to fracture along with 
the complimentary surface formation microscope images provide conclusive evidence that 
cutting wood across the grain is a bending process. 
4.4.1.2 Tool forces 
The recorded cutting force values from previous experimentation increased in a linear fashion 
for increasing depths of cut. This is mirrored by the linear trends observed machining using 
the U0° tooth geometry, albeit at much lower depths of cut (0-0.35 mm compared to 0.4 – 1.2 
mm). 
The thrust force values for U0°, U28° and GT are all have the same trend as their respective 
cutting force values and are hence proportional. There is very little difference in the 
magnitude of the thrust forces along and across the grain for increasing depths of cut. This 
mirrors the thrust force values recoded in the previous block of experimentation. 
The side force values obtained cutting using the U0° tooth along the grain are noticeably 
larger than across the grain. This is similar to the side forces obtained machining using the rip 
tooth, although it is noticed that there is a dramatic non linear increase between 0.8 and 1.2 
mm. This huge increase could be a possible effect of the interaction between the work-piece 
and lateral edges and would explain why it is not observed for the much lower depths of cut 
performed by the U0° tooth (0 – 0.35 mm). Contrary to the U0° tooth, both the U28° and GT 
teeth have noticeably higher side forces across the grain than along. Furthermore the gulf 
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between cutting force values for the two grain directions stays fairly constant for increasing 
depth of cut. The gap between the side force values along and across the grain for the U0° 
tooth increases with depth of cut. The cause of this observed phenomenon is the difference in 
lateral edge contact. For any given depth of cut the U0° tooth has double the lateral contact 
(constrained on both sides of the tooth) than the U28° or GT formations.  
4.4.2 Parameters and Regression Modelling 
Strong and weak correlations with the mean cutting force were identified in the main effects 
plot. In general, the parameters with distinct trends and high R2 values proved to be the most 
suitable categorical predictors:    
 4.4.2.1 Geometric Parameters 
Only the bevel angle and edge inclination angle were deemed suitable as predictors for the 
regression models. This was supported by the distinctive trends quantified by R2 values ≈ 
100%. There was only a small amount of variation (5°) between the three rake angles 
evaluated; furthermore no distinctive trend was identified between rake angle and the average 
cutting force response. There was no distinctive relationship with respect to the average 
cutting force response for both the flank and wedge angles. These two geometric parameters 
were dismissed as predictors due the lack of any trend, also because the cutting forces were 
only measured in the forward cutting direction (interaction with the rake side of the tooth 
only).  
 4.4.2.2 Interaction Parameters 
When considering the tool/work-piece interaction parameters a general trend with respect to 
the average cutting force response was desired. This general trend was only observed for 
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depth of cut and lateral edge contact width. Discrete trends for each geometry evaluated were 
easily identified for the cutting area, major edge contact and cutting perimeter.  
The cutting area, major edge contact width, lateral edge contact width and cutting perimeter 
all vary with respect to depth of cut. This provided the rationale for performing analysis of 
variance and average response plots for these parameters against the depth of cut. The cutting 
area, major edge contact with and lateral contact width all have a general relationship with 
respect to the depth of cut. The only parameter that has specific trends for each tooth 
geometry is the cutting perimeter. These three relationships are all linear and the bevelled 
teeth trends (U28° and GT) are much closer aligned than the un-bevelled tooth trend (U0°). 
This exercise demonstrates that the depth of cut parameter must be used to normalise the four 
other interaction parameters. This is comparable to the way that the work-piece coefficient 
normalises the empirical values for the four different work-pieces evaluated. 
 4.4.2.3 The Regression Models 
Regression model 1 uses major and lateral edge contact width in place of cutting perimeter 
and has an R2 value of 90%. Regression model 2 uses the cutting perimeter in place of major 
and lateral edge contact width and has an R2 value of 88%. This is only a small discrepancy 
(2%) however it can be explained using the cutting perimeter, major and lateral edge contact 
width trends with respect to depth of cut. In essence the major and lateral edge contact 
parameters have general trends and the cutting perimeter has specific trends for each tooth. 
This results in the slightly higher R2 value for model 1. 
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4.4.3 Hidden Variables 
The effects of potentially hidden variables on the experimental results were considered. It was 
assumed that un-controlled environmental conditions such as room temperature and relative 
humidity were not significant and hence were not measured during the cutting tests.  
The quality of the cutting edges at a microscopic level was evaluated. SEM images for the 
U0° (figure 4.35), U28° (figure 4.36) and GT (figure 4.37) are used to illustrate the scale of 
abrasion for 100 consecutive cuts. For these particular teeth the depth of cut used was 0.35 
mm. First 50 cuts were performed on dry work-pieces along the grain then a further 50 cuts 
were performed on dry work-pieces across the grain. The following was observed: 
• The teeth were initially covered with debris which was removed during the cutting 
process. 
• The apex at which the major and lateral edges converge has a small radius before any 
cutting commences. This corner radius did not increase significantly after the 100 cuts 
were taken. 
• Both the major and lateral cutting edges appear sharp at the microscopic level (i.e. the 
edge radius is too small to measure). Neither major nor lateral edges were worn post 
100 cuts. 
It can hence be assumed that the effects of abrasive wear did not have a negative impact on 
the quality of the cutting edges for the range of 100 cuts taken. The only visible difference 
post 100 cuts is the lack of debris on the rake and flank faces. The edge radii are too small to 
measure in this microscopic range and the corner radii range from only 4-8 µm. As a result 
the cutting edges and corners can be modelled as infinitely sharp when interacting with the 
lowest depth of cut from the controlled experiment (50µm). Because these SEM images show 
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the after effects of the most severe cutting scenario (cutting dry wood at the highest depth of 
cut) it can hence be assumed that all other cutting scenarios were unaffected by abrasive wear. 
 
4.5 Summary of Findings 
1. Frame by frame analysis of the high speed footage and optical microscope images 
were able to characterise the chip and surface formations for the U0°, U28° and GT 
tooth geometries. Cutting along the grain can confidently be described as a shearing 
process with quantified chip ratios and shear plane angles for the dry work-pieces. The 
key difference between the un-bevelled (U0°) and bevelled (U28° and GT) geometries 
was the formation of the chip with respect to the gullet. As U0° has an orthogonal 
edge the chip formed normal to the saw-blade and hence was transported into the 
gullet. As U28° and GT have 28° bevelled angles the chip was not transported into the 
gullet, it was instead ejected at a 28° tangent to saw blade. 
 
2. The cutting mechanics across the grain for U0° can be confidently described as 
bending process. This bending process was evident from deformation observed from 
the high speed video. Furthermore the complimentary microscope images identified 
the same deformation points. These surface formation results mirror the results from 
chapter 3 using the rip tooth. It is not so clear weather cutting across the grain with 
U28° and GT is purely a bending process. This is due to the lack of visible 
deformation prior to deformation from the high speed video supported by the cleanly 
cut surfaces from the microscope images. Material removal was visible for all tooth 
geometries across the grain, although this is not by means of a single tooth alone. The 
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subsequent three teeth on each group were visibly responsible for removal of wood 
particles.  
 
3. The average thrust and side forces wear measured to be only a fraction of the 
magnitude of the average cutting force. This mirrors the results from chapter 3 using 
the rip tooth. No further in depth analysis was carried out on thrust and side force data 
collected. Only the cutting force was used in the main effects plot (to evaluate the 
effect of defined parameters) and regression modelling.  
 
4. The two geometric parameters that have the most influence on the cutting forces are 
the bevel angle and the edge inclination angle. All of the interaction parameters were 
used to develop the predictive cutting force models. Using major and lateral edge 
contact width yielded a model with slightly higher R2 (2%) than the model using 
cutting perimeter. 
 
 
 
 
 
 
 
 
 
109 
 
 Figure 4.1 – Selected tooth geometries 
 
 
 
 Figure 4.2 – U0° SEM measurements 
 
 
 
 Figure 4.3 – U28° SEM measurements 
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 Figure 4.4 – GT SEM measurements 
 
 
 
 
 
Figure 4.5 – Photograph of shaper machine test rig 
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Figure 4.6 – Detailed test rig schematic diagram 
 Figure 4.7 – CAD drawing of tool paths for un-bevelled (U0°) tooth 
 Figure 4.8 – CAD drawing of tooth paths for bevelled (U28° and GT) teeth 
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 Figure 4.9 – Tool force average response plots 
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 Figure 4.10 – Calculation of work-piece coefficient 
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 Figure 4.11 – Empirical and normalised cutting force values 
 
 Figure 4.12 – U0° chip formation, dry, along the grain 
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 Figure 4.13 – U28° chip formation, dry, along the grain 
 
 
 Figure 4.14 – GT chip formation, dry, along the grain 
 
 
 Figure 4.15 – U0° chip formation, saturated, along the grain 
116 
 
 
 Figure 4.16 – U28° chip formation, saturated, along the grain 
 
 Figure 4.17 – GT chip formation, saturated, along the grain 
 
 Figure 4.18 – U0° surface formation, dry, across the grain 
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 Figure 4.19– U28° surface formation, dry, across the grain 
 
 Figure 4.20– GT surface formation, dry, across the grain 
 
 Figure 4.21 – U0° surface formation, saturated, across the grain 
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 Figure 4.22 – U28° surface formation, saturated, across the grain 
 Figure 4.23 – GT surface formation, saturated, across the grain 
 Figure 4.24 – Chip measurements, U0°, dry, along the grain 
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 Figure 4.25 – Chip measurements, U0°, dry, along the grain 
 
 
 
 
 Figure 4.26 – Chip measurements, U0°, dry, along the grain 
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 Figure 4.27 – CAD drawing of tool-work-piece interaction (un-bevelled tooth) 
 
 
 
 
 Figure 4.28 – CAD drawing of tool-work-piece interaction (bevelled tooth) 
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 Figure 4.29 – Average cutting force responses for tool geometry parameters (effective flank 
and wedge angles) 
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 Figure 4.30 – Average cutting force response for work-piece coefficient 
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 Figure 4.31 – Average cutting force responses for tool/work-piece interaction parameters 
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 Figure 4.32 – Depth of cut responses for tool/work-piece interaction parameters 
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 Figure 4.33 – Regression plots 
 
 
 
 
 Figure 4.34 – Residual histograms 
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 Figure 4.35 – U0º extreme tooth tip pre and post 100 cuts 
 
 Figure 4.36 – U28º extreme tooth tip pre and post 100 cuts 
 
 
 Figure 4.37 – GTº extreme tooth tip pre and post 100 cuts 
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CHAPTER 5 
OVERALL DISCUSSION 
 
5.1 Outcomes of Literature Review 
A comprehensive review of literature related to both wood characteristics and machining 
operations was conducted. The outcome of this literature review revealed two significant gaps 
in the body of knowledge for this research area: 
1. The majority of literature documents fundamental machining operations, i.e. 
orthogonal cutting using plaining tools. The small amount of literature that documents 
sawing processes focuses on high speed applications such as band-sawing and 
circular-sawing.  
2. For all machining operations the effects of a wide variety of work-piece properties on 
the cutting mechanics were not considered. Often only physical properties such as 
density and moisture content were used to evaluate the work-piece prior to controlled 
cutting tests leaving mechanical properties neglected. 
These two gaps in the body of knowledge warranted this authors original work detailed in 
chapters 3 and 4 of this thesis.  
5.2 Cutting with Orthogonal Tooth Geometries 
In chapter 3 a simple rip tooth with an orthogonal cutting edge was used for controlled 
experimentation. Only the recorded cutting force values (Fv) were used to develop the 
regression models. This is because the thrust force (Fp) and side force (Fr) values were 
measured to be significantly lower than the cutting force values. The regression models 
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provided a statistically valid grounding to make the following statements: i) cutting forces 
across the grain are influenced by properties obtained through bending tests, ii) cutting forces 
along the grain are influenced by properties obtained through shear tests.  
The chip and surface formation was carefully evaluated under the microscope. The findings of 
which supported the two statements made after developing the regression models. No material 
removal occurred across the grain, however surface formation across the grain exhibited 
fibres bent out of position either side of the visible tool path (figure 5.1). Material removal did 
however occur along the grain, the collected chips were mainly uniform implying a failure 
shear mode (figure 5.2). 
The un-bevelled (U0°) tooth formation described in chapter 4 has similar features to the rip 
tooth described in chapter 3 (both have an orthogonal cutting edge). High speed footage and 
microscope images of cutting using the U0° are very similar to the chip and surface formation 
described in chapter 3. Frame by frame analysis of the high speed video footage across the 
grain provided a dynamic representation of the wood fibres deformation in bending initiated 
by the un-bevelled tooth geometry (figure 5.3). Frame by frame analysis of the un-bevelled 
tooth along the grain shows continuous chip formation (figure 5.4). Each chip is formed 
normal to the orthogonal cutting edge and hence is transported into the gulled and removed 
from the kerf. This explained why the U0° tooth geometry is so often used along the grain. 
The chiselling action of the orthogonal edge and the role of the gullet ensure an efficient 
removal of material along the wood grain. 
5.3 Cutting with Bevelled tooth Geometries 
Analysis of the high speed footage for the bevelled tooth geometries (U28° and GT) also 
exhibits continuous chip formation implying a shear failure mode (figure 5.5). The only 
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difference between the bevelled and un-bevelled teeth is the direction of the chip formation. 
Frame by frame footage shows the chips formed normal to the bevelled rake face, which itself 
is at a tangent of 28° to the cutting direction (figure 5.6). The fact that the gullet plays no 
significant role for U28° and GT suggests that these two tooth geometries do not efficiently 
transport and remove the chip from the kerf. This explains why the two geometries are not 
often employed to machine along the wood grain. 
Frame by frame analysis and microscope images of the bevelled teeth exhibits less 
deformation due to bending across the grain when compared to the same analysis for the un-
bevelled teeth (figure 5.7). The wood fibres appear significantly less deformed and the kerf 
width is visibly narrower (figure 5.8). It is known from the numerical analysis detailed in 
chapter 4 that there is much less of an interaction between the tooth cutting area and the work-
piece for the two bevelled tooth geometries. This lower contact area maintained during cutting 
results in the narrower kerf width.  
It is also known from chapter 4 that the lateral edge contact plays a significant role in the 
regression modelling. The two bevelled teeth only have one lateral edge that interacts with the 
work-piece resulting in relatively low cutting forces. This is compared to the two lateral edges 
that simultaneously interact with the work-piece for the un-bevelled tooth which result in 
much higher cutting forces. As a result, the fibres are not excessively deformed prior to 
fracture. The single, bevelled lateral edge effectively behaves like the blade of a “knife”. 
Prior to experimentation it was assumed that the GT tooth formation was able to machine 
equally well both along and across the wood grain. This was based upon the way that the 
compound tooth saws were marketed by the major manufacturers (appendix 2). It was 
established that the GT tooth geometry has only a slightly lower edge inclination angle than 
U28°. Furthermore, the cutting force trends and observed chip/surface formation are very 
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similar to that of U28°. The results from the single tooth experiment prove that the GT tooth 
formation cuts wood similar to the U28º geometry (knife like) than the U0º geometry (chisel 
like). This suggests that the GT tooth geometry is better suited to machining wood along the 
grain. 
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 Figure 5.1 – Un-bevelled tooth machining across the grain 
 
 
 Figure 5.2 – Un-bevelled tooth machining along the grain 
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Figure 5.3 – A) High speed frame of an un-bevelled tooth cutting across the grain, B) 
Microscope image of surface formation post cut 
 
 
 
Figure 5.4 – High speed frame showing continuous chip formation for an un-bevelled tooth 
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 Figure 5.5 – Bevelled tooth machining along the grain 
 
 
 Figure 5.6 – High speed frame showing continuous chip formation for a bevelled tooth 
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 Figure 5.7 – Bevelled tooth machining across the grain 
 
 
 Figure 5.8 – A) High speed frame of a bevelled tooth cutting across the grain, B) Microscope 
image of surface formation post cut 
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CHAPTER 6 
CONCLUSIONS AND FURTHER WORK 
 
6.1 Conclusions 
• Predictive cutting force models were developed using mechanical properties as 
predictors. The model for along the grain used shear properties and yielded R2 of 80%. 
The model for across the grain used bending properties and yielded R2 of 90%.  
• Regression modelling was also used to predict cutting forces using tooth geometry 
parameters as predictors. Only one species of wood was used. Several permutations of 
parameters were used to develop models. The highest R2 value yielded was 90%.   
• Cutting along the grain with un-bevelled (orthogonal) teeth can be described as a 
shearing process. This has been proven both visually through high speed footage / 
microscope images and numerically through the statistically valid regression models. 
• Cutting along the grain with bevelled tooth geometries can also be described as a 
shearing process. The chip formation is continuous (similar to un-bevelled teeth) the 
only difference is that the chip is formed at a tangent of 28º to the tool path. 
• The un-bevelled geometry produces chip formation in the direction of the tool path. 
This forces the chip into the gullet hence efficiently removes material from the kerf. 
The bevelled tooth geometries do not effectively remove material from the kerf. 
• Cutting across the grain with un-bevelled (orthogonal) teeth can be described as a 
bending process. Once again this has been proven both visually through high speed 
footage / microscope images and numerically through the regression models. 
• The surface formation across the grain for the bevelled tooth reveals a visibly 
narrower kerf when compared to the un-bevelled tooth. This is because throughout the 
cutting process a smaller tooth contact area is maintained with the work-piece.  
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• The surface formation across the grain for the bevelled tooth exhibits less deformation 
prior to fracture than the un-bevelled tooth. This is because only one lateral cutting 
edge interacts with the work-piece (compared to two lateral edges for un-bevelled).  
• The numerical analysis exhibit positive linear trends between both the tool contact 
area and the lateral edge contact length with respect to the cutting force. This explains 
why less deformation occurs when cutting across the grain with bevelled teeth. 
• The cutting mechanics of the un-bevelled, U0º tooth geometry along the grain can be 
compared to “chiselling”. The cutting mechanics of the bevelled, U28º tooth geometry 
across the grain can be compared to “knife cutting”. 
• The cutting mechanics of the thrice bevelled, GT tooth geometry is very similar to the 
mechanics for the U28°tooth geometry and hence be compared to “knife cutting”. The 
cutting mechanics of the GT tooth much less comparable to that of the U0° tooth. 
• This suggests that this type of compound tooth geometry is more suited to cutting 
across the grain. This contradicts the claims made by manufacturers which states that 
compound teeth perform equally well both along and across the grain (appendix 2). 
 
6.2 Further Work 
5.1.1 Design Optimization 
In chapter 4 the following measured geometries of three different saw teeth were used to 
develop predictive cutting force models: 
• γ - Rake angle (º) 
• λ - Bevel angle (º) 
• k - Cutting Edge inclination angle (º) 
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In the future, prototype saw teeth with multiple variations of each of these geometries could 
be developed. Either a full or fractional factorial experimental design for single tooth cutting 
could be performed. This would determine the optimum geometries for a desired low cutting 
force scenario. 
5.2.2 Application of Regression Models 
The regression model developed in chapter four could in future be used to predict the cutting 
forces for new proposed tooth geometries. The proposed tooth geometries here do not have 
bevelled rake and flank faces. Instead the tooth geometries incorporate chamfered features on 
both sides of the tooth. In total three new tooth geometries are proposed: C15° (figure 6.1), 
C22° (figure 6.2) and C30° (figure 6.3). The prefix “C” denotes that the teeth are chamfered 
and the following number denotes the angle at which the teeth are chamfered. 
The geometric parameters for these new geometries have been used as categorical predictors 
in model 2 from chapter 4. The interaction between the tooth and prior machined groove 
(figures 6.4 - 6.6) were in addition used to determine the interaction parameters. These 
parameters were substituted into model 2# for depths of cut ranging from 0 - 0.35 mm. The 
predictive cutting force plots for the proposed tooth geometries (figure 6.7) are compared to 
the plots for the three geometries evaluated in chapter 4 (figure 6.8).  
This brief exercise has identified that one of the proposed tooth geometries (C30°) yields 
lower predictive cutting forces than any of the teeth evaluated in chapter 4. It is hence viable 
to produce prototype versions of this tooth geometry for further controlled cutting tests. 
                                                          
#
 Model 2 (from chapter 4) 
FV = - 240 - 237 Depth of cut (mm) + 170 Cut Perimeter (mm) - 26.5 Undeformed Area 
(mm²) + 1.59 Bevel angle° + 1.03 Edge angle°+ 22.9 WPC 
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5.2.3 Additional Further Work 
Related further work that goes beyond the scope of the research documented in this thesis 
includes: 
• Wear testing and analysis of handsaw teeth. 
• Studies based around the “micro” mechanical properties of wood (individual fibers). 
• Process simulation and FEA. 
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 Figure 6.1 – C15° tooth geometry 
 
 Figure 6.2 – C22° tooth geometry 
 
 
Figure 6.3 – C30° tooth geometry 
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 Figure 6.4 – Tool/Work-piece interaction C15° 
 
 Figure 6.5 – Tool/Work-piece interaction C22° 
 
 Figure 6.6 – Tool/Work-piece interaction C30° 
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Figure 6.7 – Predictive cutting force vs. Depth of cut for geometries evaluated in chapter 4 
 
 
Figure 6.8 – Predictive cutting force vs. Depth of cut for new proposed tooth geometries 
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ABSTRACT
Genetics and environmental conditions during the growth of wood are known to affect the intrinsic
characteristics influencing cutting mechanics. To evaluate this, a full factorial experiment has been
performed investigating the effects of three significant factors involved in wood machining; wood
species, moisture content and grain direction. A variety of woods were evaluated (five softwood
and three hardwood species) at four moisture levels. As all woods are heterogeneous, anisotropic
materials, machining was performed parallel and perpendicular to the grain direction. A three axis
CNC router was used to drive a tool resembling a rip tooth, at low velocity, through each of the
sixty-four wooden work-piece variations at three different depths of cut. To collect quantitative
data, a piezoelectric dynamometer was used with a data acquisition system to measure and record
the cutting and thrust force components acting on the tool. Chip formation and work-piece
deformation were observed using images taken from an optical microscope. This paper compares
the published results [1-7] for planing operations with findings from the rip tooth experiment.
INTRODUCTION
Research performed into optimum wood machining conditions [1, 2] suggests that there are three
significant types of factor that affect the cutting mechanics:
1. Factors attributed to the machining process
2. The species of the wood
3. The moisture content of the wood
Wood has three orthogonal planes of symmetry; axial, radial and tangential. Corresponding to these
planes of symmetry are several different cutting directions by which different machining processes
can be described. When referring to a machining direction the nomenclature states a labelling
system consisting of two numbers. The first number denotes the orientation of the cutting edge to
the wood grain direction; the second number denotes the movement of the tool with respect to the
grain direction. To illustrate this, the three main cutting directions as shown in figure 1.
*Corresponding Author Tel: +44 (0) 1912273624
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angles cause a fuzzy chip. It is also suggested that very large depths of cut may form this chip
where there is too much contact with the blade surface. This type of chip causes a raised fuzzy
grain where wood fibres become protruded, hence producing a poor surface finish.
An investigation into the mechanics of cutting across the grain (0°-90°) considers the veneer
peeling process as a case study. This process uses high rake angles (approximately 70°) and small
depths of cut (less than 1 mm). The material removal in veneer peeling is described as an ongoing
shearing process initiated by a tear in compression perpendicular to the grain.
McKenzie [6] investigated the effects of cutting in the 90°-90° direction. In general the cutting
mechanics specify a tensile failure mode causing parallel gaps to propagate along the grain. It is
noted that these gaps become larger as the moisture content decreases. Cutting forces in this
direction are strongly affected by cell type, moisture content, depth of cut, and rake angle
A Review of Single Tooth Operations
The limited research performed on the effects of single point cutting tools focuses on the
optimisation of cutting conditions for industrial sawing processes. From the available literature [8-
11] it is apparent that the responses desired from experimentation are the forces along the major
cutting edge. Chip formation is not heavily investigated.
Machining in the 90°-90° direction, Axelsson [8-10] developed the prior knowledge of the
machining process obtained using planing operations by investigating the effects on cutting
mechanics using single point cutting tools. For sawing processes, the tool used has a side clearance
of 1 mm either side to represent the set of a saw-blade. Using computerised tomography (CT) a
linear relationship between the density of the wood for a specified tool path and the cutting forces
was established. This linear relationship is clearly shown when cutting through a knot of much
higher density to the un-defected wood-grain.
Interesting results were produced from research into the effects of changing the rake angle of band-
saw teeth, machining wood in the 90°-90° direction [11]. Three teeth with 25°, 30° and 35° rake
angles were examined, it was found that the largest rake angle produced the lowest cutting forces
and the smallest rake angle produced the largest cutting forces. Initially, it appeared that the 25°
and 35° rake angles produced a smooth work-piece finish after machining, whilst the 30° rake
angle produced a rough finish with fuzzy grain. Microscope images showed that the 25° rake angle
only appeared smooth when in fact the machining caused fuzzy grain which was then compressed
due to the low rake angle of the tooth.
METHODOLOGY
Test Equipment
The experimental test rig comprised of a cutting tool driven by a 3 axis CNC router machine. The
work-piece was mounted on a force dynamometer equipped with piezoelectric load cells measuring
the cutting, thrust and side force components acting on the tool. Only the cutting and thrust force
components were taken into consideration for this analysis. The test rig schematic diagram (figure
2) details the set-up of the data acquisition system. To obtain tool force data, the cutting tool (1)
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Figure 5 – 1.2 mm depth of cut: Cutting/Thrust Force vs. Moisture Content
When looking at the behaviour of the individual woods (figure 6), certain trends are noticed. In
general, the three hardwoods included in the experiment produced higher cutting and thrust forces
than the softwoods. One exception to this rule is Siberian Larch which exhibits higher forces along
the grain than its other softwood counterparts. Since wood is an anisotropic material, a wood
species such as Siberian Larch can yield cutting force responses in one machining direction akin to
softwoods. However, in the opposite direction it can yield forces similar to hardwoods. One
explanation for this is the environmental factors associated with the growing conditions of the
wood. Siberian Larch grows in extremely cold climates. The extended cold growing season results
in the annual growth rings consisting of a larger proportion of the much denser latewood cells. In
softwoods growing in the more temperate climates the ratio of earlywood to latewood cells would
be approximately 1:1. Any factors attributed to growing conditions can influence the intrinsic
properties of the wood.
Figure 6 – 1.2 mm depth of cut: Cutting/Thrust Force vs. Species
Chip Formation
Similarities and differences in the chip formed during the rip tooth machining experiment have
been compared with results from planing operations [4, 6, 7]. Despite the fact that the rip tooth has
zero rake angle all types of chip formation along the grain, as postulated by Franz [4], were
observed.
SOFTWOODS
SOFTWOODS
HARDWOODS HARDWOODS
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ABSTRACT
In this study a review of existing recognised standards for wood mechanical testing was conducted. This
review considers tensile, compressive, bending and shear test methodologies from a range of sources. In
addition, values for wood mechanical properties were obtained through controlled experimentation using
a universal material testing machine. Selected standard procedures were used to obtain wood strength
properties both along and across the grain. These consist of a three point bending procedure used to
evaluate the wood strength across the grain and a longitudinal shear procedure used to evaluate the wood
strength along the grain. Strength properties obtained through controlled experimentation are compared to
values available in existing literature with little discrepancy.
Keywords: Mechanical Test Procedures, Universal Testing Machine, Wood Strength Properties
1 INTRODUCTION
Wood is anisotropic and hence some mechanical test procedures are often performed both along and
across the grain. Tension and compression tests have been successfully performed both along and across
the grain. Compression tests show that wood has much larger strength and modulus of elasticity values
along the grain rather than across (Reiterer and Stanzl-Tschegg 2001, Manríquezand Moraes 2009). The
trend for tensile tests is the same as compressive (Oh 2011, Galicki and Czech 2005) (larger values along
the grain). However, the magnitude of the compressive strengths is significantly larger than tensile,
typically ten times larger. Due to the nature of the test procedure, static bending test procedures are
mainly implemented to characterise wood strength across the wood grain. Shear test procedures have
been implemented in all three wood machining directions (Munthe and Ethington 1968) revealing that
only a true shear failure mode occurs along the wood grain.
1.1 Static Bending
Four point bending is recommended by British Standards for wood as failure occurs at the point of
maximum displacement between the two loaded anvils (British Standards 2003). This eliminates the
excessive compressive forces that would occur with the use of a single anvil and reduces likely-hood of
shear along the grain. American Standards for three point bending specifies a span to depth ratio of 1:14
(ASTM 2009). Once again this ensures that the failure mode is bending with no shear along the grain or
compressive deformation caused by the loaded anvil.
Previous research into the properties of Finnish birch (Gustafsson 2001) has evaluated both the
British and American test procedures. The findings reveal an average modulus of elasticity (MOE) of
11.2 GPa for three point bending compared to 14.9 GPa for four point bending, an increase of
approximately 25%. Comprehensive records (Bergman et al 1999) reveal an MOE value of 13 GPa in
static bending which lies between these two values, showing that results from both test procedures are
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within an appropriate range. The modulus of rupture (MOR), commonly referred to as bending strength,
is calculated to be the same regardless of the testing procedure.
Despite the discrepancy between the two test procedures for determination of MOE, evidence from
literature shows that MOE has been accurately determined using the three point method. This was used to
evaluate Green wood (Coutand et al 2004) and wood plastic composites (Wechsler and Hiziroglu 2007)ܯܱܴ = ଷி௅ଶ௕ௗమ, At point of fracture (1)ܯܱܧ = ி௅యସ௕ௗయఠ, At elastic limit (2)1.2 Shear
Shear occurs most commonly along the grain direction hence values in this direction are referred to as
longitudinal shear. French standards for longitudinal shear incorporate a test specimen with three separate
shear zone where failure can occur (AFNOR 1942). This standard has been used previously to determine
the modulus of rigidity for a predictive cutting force model where a tool machines wood along the grain
(Eyma et al 2004). Alternatively, American standards have developed a method for accurately measuring
the shear strength (τ) and modulus of rigidity (G) (ASTM 2009). The set-up consists of a test piece that
can fail along only one zone of shear.߬ = ி஺ , At point of fracture (3)ܩ = ఛఊ = ி௅஺௫, At elastic limit (4)
A previous study on wood shear (Munthe and Ethington 1968) using spruce, applied the American
standard methodology and apparatus to all three orthogonal planes of symmetry with respect to the wood
grain direction. The results indicate that the wood is much stronger along the grain. Tests both across the
fibre direction and growth rings (end grain) yield τ values approximately 20% that of along the grain and
G values of approximately 3%. Furthermore, only true shear was observed along the wood grain. This
was illustrated by a uniform fault line propagating along the wood grain. Other failure modes were
observed: Buckling of the annual growth rings at the wood end grain and bending of the fibres across the
grain which are both referred to as “rolling shear”.
2 METHODOLOGY
A programme of work was completed using the American standard test procedures for three point
bending and longitudinal shear. These determined wood properties across and along the grain
respectively. Eight wood species including both hardwoods and softwoods were selected. The American
test standards were favoured as they were easier to implement in the universal testing machine. Hence the
question must be asked; does this more simple approach produce results comparable to results obtained
via other well established methods?
2.1 Three point Bending
All tests were performed using the American standard methodology described in sub-sections 1.1 and 1.2.
The span (L) of all of test specimens was kept at 300mm with a 20mm depth (d); this is in keeping with
the specified 14:1 minimum span to depth ratio. An additional criterion that was also specified by the
standard was a 1.3 mm/min crosshead maintained throughout testing until failure. The wood was placed
into the experimental set-up in the universal testing machine (Figure 1) where the apparatus was placed
between a moving crosshead and a 10 kN load cell. Force vs. Displacement plots were initially
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Figure 1: A) Three point bending set up in universal testing machine. B) Schematic diagram
Figure 2: A) Longitudinal shear set up in universal testing machine. B) Schematic diagram
Figure 3: Deformation zones on a typical stress vs. strain curve
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generated by the test machine data acquisition system. The linear region where Force was directly
proportional to Displacement was taken to be the elastic region where no permanent deformation occurs.
Force and Displacement measurements from this region are used to calculate MOE. The Force
measurement at the point of fracture was subsequently used to calculate MOR.
2.2 Longitudinal Shear
As with three point bending, all tests were performed using the American standard methodology. The
experimental set up also used the 10 kN load cell. All proportions for the test piece used in
experimentation are detailed (Figure 2). A 0.6 mm/min crosshead was maintained throughout testing
until failure. As the shear zone was approximately square, both the length and width were taken to be a.
Equations 3 and 4 could be modified to accommodate the standard test specimen. Once again Force vs.
Displacement plots were acquired to determine the elastic region and the point of fracture τ and G were
calculated using equations 5 and 6 respectively.߬ = ி௔మ, At point of fracture (5)ܩ = ி௔௔మ௫ = ி௔௫, At elastic limit (6)
2.3 Toughness
Toughness was calculated as the area under the stress (σ) vs. strain (ε) curves (Figure 3) generated from
the universal testing machine force extension plots. The stress strain curve was in the form of a quadratic
polynomial. Toughness (U) was obtained by taking the definite integral of the quadratic function between
zero and the point of facture (n) (equation 7).ܷ = ∫ ݂(ߝ) = ∫ (ܽߝଶ + ܾߝ + ܿ)଴௡଴௡ (7)
3 RESULTS
In general the average strength of the wood species tested across the grain (denoted by MOR) obtained
through the three point bending tests (table 1) was measured to be over eight times greater than the
strength along the grain (denoted by τ) obtained through the longitudinal shear tests. However, the
average elasticity of the wood across the grain (denoted by MOE) was measured to be nearly 40 times
greater than along the grain (denoted by G).
3.1 Bending
For all moisture levels evaluated, values for mean MOR for the wood species evaluated range from 50-90
MPa with a linear decrease in strength observed for increased moisture content. The values for mean
MOE of the wood species evaluated ranges from 4-8 GPa with a linear decrease in elasticity also
observed for increased moisture content. The results from the force extension plots show there is no
discernible pattern to suggest that the hardwoods yield higher MOE values than the softwoods.
3.2 Shear
The average τ values range from 5-12 MPa. The highest values represent the three hardwoods tested
which have values approximately 45% greater than the softwoods. Furthermore a linear decrease in
strength is observed with an increase in moisture content. The average G values of the wood species
evaluated range from 15-230 MPa with the larger values once again representing the hardwoods. These
values are approximately 50% greater than the softwoods. G exhibits a negative linear trend with respect
to moisture content.
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Table 1: Properties obtained through mechanical testing
Species MOE MOR Ub G τ Us ρ MC
(GPa) (MPa) (J/m2) (MPa) (MPa) (J/m2) (kg/m3) (%)
D
R
Y
(N
O
M
IN
A
L)
Scots Pine (SW) 6.28 79.21 33250 151.47 9.53 26650 576.64 6.00
Yellow Pine (SW) 5.08 47.72 24910 286.27 6.28 17100 484.80 6.00
Douglas Fir (SW) 6.92 72.01 49000 236.51 7.58 34080 496.62 8.00
Western Red Cedar (SW) 9.15 99.28 40600 52.78 8.62 31730 671.57 6.00
Siberian Larch (SW) 7.33 65.24 49020 260.16 9.31 54000 638.46 8.00
Ash (HW) 5.75 105.57 84000 277.03 17.06 94300 912.87 6.00
Beech (HW) 8.89 127.44 61750 363.83 15.55 86400 669.00 6.00
Sapele (HW) 7.80 92.73 58050 219.11 18.17 57200 819.08 6.00
AVERAGE 7.15 86.15 50070 230.90 11.51 50180 658.63 6.50
RANGE 4.07 79.72 59090 311.05 11.89 77200 428.07 2.00
STANDARD DEVIATION 1.44 25.24 18350 94.06 4.65 28200 148.44 0.93
1
0
%
(N
O
M
IN
A
L)
Scots Pine (SW) 5.83 61.99 21000 152.64 7.97 25200 559.04 14.00
Yellow Pine (SW) 4.03 47.62 19200 91.30 5.69 16120 436.15 11.00
Douglas Fir (SW) 6.14 58.57 24750 43.32 3.97 26850 478.93 14.00
Western Red Cedar (SW) 3.95 54.60 22100 268.98 4.76 26250 460.96 11.00
Siberian Larch (SW) 6.70 88.62 28840 208.32 10.34 27280 615.38 11.00
Ash (HW) 8.23 119.09 61740 123.21 14.20 84000 850.73 10.00
Beech (HW) 11.36 95.04 47250 211.37 14.15 60750 696.65 11.00
Sapele (HW) 9.11 113.05 45500 691.02 14.31 28600 759.75 8.00
AVERAGE 6.92 79.82 33790 223.77 9.42 36880 607.20 11.25
RANGE 7.41 71.47 42540 647.70 10.34 67880 414.58 6.00
STANDARD DEVIATION 2.54 27.77 15670 202.15 4.43 23080 151.22 1.98
2
0
%
(N
O
M
IN
A
L)
Scots Pine (SW) 6.49 53.85 8750 128.55 10.85 15260 546.36 20.00
Yellow Pine (SW) 3.24 30.57 3840 46.22 2.22 11700 416.88 25.00
Douglas Fir (SW) 4.47 40.92 20470 152.23 4.85 21000 462.60 25.00
Western Red Cedar (SW) 4.69 56.63 10330 138.98 3.74 16640 434.53 25.00
Siberian Larch (SW) 4.08 48.80 22500 136.96 5.76 24080 604.35 20.00
Ash (HW) 7.76 103.94 42750 84.88 7.32 70950 714.17 24.00
Beech (HW) 5.11 78.47 42000 209.07 7.17 35500 737.15 27.00
Sapele (HW) 3.15 62.47 38740 195.14 10.64 28250 632.64 23.00
AVERAGE 4.87 59.46 23670 136.50 6.57 27920 568.59 23.63
RANGE 4.61 73.37 38910 162.85 8.63 59250 320.27 7.00
STANDARD DEVIATION 1.58 22.93 15730 53.23 3.08 18980 124.04 2.50
S
A
T
(N
O
M
IN
A
L)
Scots Pine (SW) 4.41 47.00 15400 6.21 5.70 9100 530.23 32.00
Yellow Pine (SW) 2.49 26.65 10200 7.75 2.31 7100 407.70 35.00
Douglas Fir (SW) 3.66 29.69 22000 25.20 4.42 11600 448.67 35.00
Western Red Cedar (SW) 4.33 43.84 21930 19.91 3.49 11000 354.88 30.00
Siberian Larch (SW) 4.45 40.83 22800 7.71 4.71 14200 575.65 32.00
Ash (HW) 5.62 73.15 45990 18.45 6.34 40000 708.26 45.00
Beech (HW) 5.84 76.76 45600 16.20 8.35 31200 787.75 40.00
Sapele (HW) 4.78 69.15 45000 19.54 11.39 21000 595.21 31.00
AVERAGE 4.45 50.88 28610 15.12 5.84 18150 551.04 35.00
RANGE 3.35 50.11 35790 18.99 9.08 32900 432.87 15.00
STANDARD DEVIATION 1.06 19.64 14610 7.02 2.89 11760 147.96 5.13
3.3 Toughness
The average toughness values (Ub and Us) range from 18000-50000 J/m2. These values are not as
significantly affected by the grain direction as the materials strength (MOR and τ) or elasticity (MOE
and G). The mean values obtained by σ vs. ε plots in three point bending (Ub) yielded approximate values
only 10% greater than the mean values obtained by σ vs. ε plots in longitudinal shear (Us).
4 DISCUSSION
Established values in literature (Bergman et al 1999) are compared to the obtained mechanical properties
in this study (for woods of low moisture content ≈ 6-12%):
 The MOR values in this study are 5% lower than the values in literature for the hardwood and
8% lower for the softwoods. The MOE values are 14% lower for the hardwoods and 41% lower for the softwoods.
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 The Ub values are 28% lower for the hardwoods and 41% lower for the softwoods. The τ values in this study 20% higher for the hardwoods and 7% lower for the softwoods.
There were no readily available values of Us or G from literature to compare to the obtained values
documented in this study. MOE and Ub recorded values collate less well to established values in
literature than MOR and τ recorded values. Both MOE and Ub are dependent upon strain however MOR
and τ are not. The source of this discrepancy must hence originate from different measurements of strain.
A possible cause of this could be variations in the crosshead speed of the universal testing machine.
American standards (ATSM 2009) specify speeds of 1.3 mm/min and 0.6 mm/min for the bending and
shear tests respectively. Crosshead speeds in the comparable study (Bergman et al 1999) are not specified.
5 CONCLUSION
In general, the American standards for testing (ATSM 2009) were accurately able to determine strength
properties, i.e. τ and MOR (although a small percentage of error in τ was observed for the hardwood
species evaluated). A larger degree of error was however noticed for the elastic and toughness properties.
The values for the bending toughness values (Ub) and elastic modulus (MOE) documented in this study
are noticeably lower than values from literature (Bergman et al 1999). Documented values of shear
toughness (Us) and modulus of rigidity (G) were not readily available from literature to compare to the
values recorded in this study. Hence further work is warranted to investigate how values of Us and G
(obtained using the American standard) compare to values using other test methodologies.
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ABSTRACT
In this study a conventional shaper machine has been converted into a controlled cutting test rig. A
specially designed tool holder was attached to the actuating arm of the shaper machine. This tool holder
constrained a small group of handsaw teeth designed to machine a groove followed by an adjustable
single tooth that machined a specified depth of cut. A work-piece dynamometer was attached to the
platform of the shaper machine. The three force transducers that compose the dynamometer were used to
measure resultant cutting, thrust and side forces in the relative X, Y and Z axes. These are measured as
the single tooth passes through the work-piece. In addition to force measurement, a high speed video
camera was utilised to capture footage of the chip/surface formation where the tooth interacts with the
wood work-piece. The recorded forces and captured footage of chip formation validate published findings
that machining along the wood grain is a shearing process and machining across wood the grain is a
bending process.
Keywords: Wood Machining, Sawing Processes, High Speed Photography
1 INTRODUCTION
The two parameter groups that influence the cutting mechanics in wood machining are: 1) Parameters
associated with the tool geometry, i.e. rake angle, edge width, edge radii etc. 2) Parameters associated
with the work-piece, i.e. moisture content, grain direction, physical/mechanical properties etc. The cutting
process itself is scrutinised by two separate methods, findings of which can then be combined to make
well rounded conclusions. The first method is the measurement of forces acting on the cutting edge of the
tool; this is usually done by using force transducers. The second method is the characterisation of chip
and surface formation; this can be a simple process of viewing collected chip/surfaces under the
microscope or a more sophisticated process of recoding high speed video of the cutting process. The
fundamental literature detailing the chip and surface formation across the grain (Franz 1955, Woodson
and Koch 1970) details only processes where a large orthogonal tool removes material across the entire
work-piece width. This process and the sawing process differ far too greatly to attempt to draw
comparisons between the chip/surface formations of the two. From other fundamental literature three
distinctive types of chip formation have been observed to occur along the grain (McKenzie 1961). The
first type (type I) is caused by a large rake angle producing a negative thrust forces (acting in a positive
vertical direction relative to the work-piece). The wood fibres split ahead of the tool and finally fail due to
bending. This type of chip is beneficial where quick removal of material is required. The second type
(type II) is formed by a very sharp tool edge and a diagonal plane of shear. Excellent surface finish is
achieved due to the continuous chip formation. The third type is caused by dull tool edges, and very small
or negative rake angles. It is also suggested that very large depths of cut may form this chip where there is
too much contact with the blade surface. This third type (type III) of chip causes a raised fuzzy grain
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where wood fibres become protruded, hence a poor surface finish. It is important to note that evidence
from the fundamental literature (McKenzie 1961, Woodson and Koch 1970, Franz 1955, Kivemaa 1950)
infers that varying the cutting velocity has a negligible effect on the tool forces.
A high speed camera has been previously utilised to capture footage of the cutting process for single
circular saw teeth (Ekevad et al. 2011). The camera was set up to record 40,000 frames per second for a
circular saw rotating at a speed of 3250 RPM. Green, dry and frozen wood was machined in the 90°-0°
direction (along the grain) using single rip teeth with rake angles of 0°, 10°, 20° and 30°. The only
observed continuous chip formation (type II) was for green wood, with the dry and frozen work-pieces
yielded smaller broken wood particles (type I). Furthermore the footage was able to evaluate the action of
the gullet. Reduced rake angle leads to a reduction in gullet volume, still images from this footage show a
build up of wood particles for the larger rake angles (lower gullet volume), as the wood chips/particles are
prevented from curling past the much smaller root radii. This results in an impaction of wood particles in
the gullet impeding the material removal from the kerf.
A study conducted to compare the fundamental chip formation types along the grain to chips formed
cutting using a rip saw tooth (Naylor et al. 2011) found that fuzzy chips (type III) occurred machining
work-pieces of high moisture content, discontinuous chips (type I) occurred machining dry work-pieces at
high depths of cut and the continuous chips (type II) were formed machining dry to moderate moisture
content work-pieces at lower depths of cut. Machining across provided no chip for analysis, only a
deformed work-piece surface. This surface formation consisted of the fracturing of fibres perpendicular to
the grain. Dry work-pieces exhibited a visible tool path with extremely deformed fibres bent out of
position. Saturated work-pieces exhibited no visible tool path; this is due to the severed fibres, of
increased moisture content, springing back to cover the tool path.
A related study (Naylor et al. 2012) uses properties of the wood obtained through mechanical testing
to develop two predictive cutting force models. This study also uses a rip saw tooth of the same geometry
as mentioned in the previous paragraph. The first regression model has an R² of 90%, it took properties
obtained from a three point bending test procedure (used to evaluate the wood strength across the grain)
and cutting forces obtained machining across the grain. The second regression model has an R² of 80% it
took properties obtained from a longitudinal shear test (used to evaluate the wood strength along the
grain) and cutting forces obtained machining along the grain.
The aim of the research discussed in this paper was to develop a controlled cutting test rig capable of
determining the cutting mechanics for single saw teeth. This aim was facilitated by obtaining footage and
still images of the chip formation process to further validate the novel statements regarding the mechanics
of cutting; “cutting along the grain is a shearing process” and “cutting across the grain is a bending
process”. High speed footage and optical microscope images were obtained to characterise the chip and
surface formation. Tool forces were recorded for varied depth of cut to provide a comparison to the tool
forces obtained using the rip tooth in prior related research (Naylor et al. 2011 and 2012).
2 METHODOLOGY
2.1 Single Tooth Test-rig
The saw-tooth geometry selected for the experiment has an orthogonal cutting edge of 0.85 mm, a
negative rake angle of 12° and a flank angle of 50° (Figure 1). In industry this tooth geometry is described
as a rip tooth due to the low negative rake and lack of bevelled edges that would provide obliquity during
cutting. Saws with this type of tooth geometry are typically used only along the grain with each tooth
removing material in a chisel like action. In this study machining took place both along and across the
wood grain for only one species (douglas fir).
A conventional shaper machine was procured to perform a linear cutting action using selected
handsaw teeth (Figure 2.A). The simplified test rig schematic (Figure 2.B) shows the basics of how the
tool forces were measured. The cutting tool (1) passed through the work-piece clamped to the
dynamometer. The dynamometer platform fed into the cutting tool in even increments for each stroke (2).
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Figure 1: A) Edge Width: B) Rake and Flank of Tooth
Figure 2: A) Shaper Machine Set-Up: B) Detailed Test-Rig Schematic
The forces applied to the work-piece stimulated a charge output from the transducers which then
channelled through to the charge amplifiers (3). These amplified values were converted from analogue to
digital (4) and finally were recorded on the PC (5). To elaborate, the dynamometer consisted of three
piezoelectric transducers measuring forces in the x, y and z directions. The x and y axes transducers had a
sensitivity of 7.5 pC/N and could measure up to 5 kN of force. The z axis had a sensitivity of 3.7 pC/N
and could measure up to 10 kN of force. The signal output from each transducer was channelled into an
analogue charge amplifier (one amplifier per transducer). The input sensitivity was calibrated to match
the transducer sensitivity (in pC) and the output range was set to 100 N = 1 V up to a maximum output of
10 V (1 kN). The output from the charge amplifier was then sent to a data acquisition PLC, converting the
analogue signal to digital allowing the forces to be recorded on a PC using LabView signal express.
2.2 Recording High Speed Video Footage
A high speed camera capable of recording 1000 frames per second was acquired for this experiment. A
group of four teeth were used to perform the cut. This group of teeth was inclined in the tool holder at 3°
ensuring that each tooth performed a depth of 0.15 mm (based on a pitch of 7 teeth per 25 mm). Cutting
was performed along and across the wood grain for both dry and saturated work-pieces. Typically the first
tooth would perform little to no cutting with the second tooth performing the first cut. Subsequently the
third and fourth teeth would each machine at a depth of 0.15 mm visible to the camera.
2.3 Single Tooth Tests
Tests performed using only single teeth were not recorded using the high speed camera. This was because
most of the tooth was obscured from view by a prior machined groove. The purpose of the groove was to
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provide a level cutting surface parallel to the tool path ensuring that a constant depth of cut was maintain
for the entire work-piece surface. Depths of cut of 0, 0.05, 0.15, 0.2, 0.25, 0.3, 0.35 mm were performed
along and across the wood grain for both dry and saturated work-pieces. The offset between the single
tooth and the prior machined groove was controlled using feeler gauges ensuring an accurate depth of cut.
3 RESULTS
3.1 Chip Formation
Machining the dry work-piece along the grain yielded continuously formed, unbroken wood chips and a
cleanly cut surface. In contrast to this, machining the saturated work-piece along the grain yielded fuzzy
chips. It is apparent from the high speed video frames that the wood fibres in these chips disintegrated
when removed from the work-piece surface by the saw tooth. Furthermore, similar disintegrated wood
fibres were left behind on the surface.
Initial deformation perpendicular to the grain is observed in the high speed video frames when
machining the dry work-piece across the grain. This was followed by an instantaneous failure and more
aggressive cutting process from the following teeth. Machining the saturated work-piece across the grain
exhibits a less aggressive cutting process. It is apparent from the frame by frame analysis that these fibres
are initially deformed in a similar way to the dry work-piece. The fibres spring back towards the tool path
and are subsequently removed from the surface. It must be noted that the tooth that initially makes contact
with these fibres is only performing a ploughing action; the uprooting effect is caused by teeth that
follow.
3.2 Tool Forces
The mean tool forces (Figure 5B) combine all work-piece conditions to provide average response data for
cutting, thrust and side forces. The magnitudes of the thrust forces are approximately 12% the magnitude
of the cutting forces, for all depths of cut (i.e. the thrust forces are proportional to the cutting forces as
they both increase with depths of cut). The side forces exhibit no noticeable trend for increasing depths of
cut with magnitudes ranging from 2 to 5 % of that of the cutting forces.
When evaluating the measured cutting forces for all work-piece variations (Figure 5A) a few trends
are noticed. On average machining along the grain yields approximately half the cutting force observed
across the grain. Machining saturated work-pieces yields lower cutting forces; in the range of 70 – 80 %
of the values observed for the dry work-pieces (this excludes 0 and 0.05 mm depth of cut for saturated,
across the grain, which are slightly larger force values than observed for dry, across the grain). In
summary, the cutting forces for the different work-piece conditions all have the same linear trend with
respect to depth of cut. The only thing that differs between the different work-pieces is the magnitude of
the forces.
4 DISCUSSION
4.1 Chip Formation
The chip and surface formation observed draw similarities to formations observed from fundamental
literature (McKenzie 1961) and previous study where a single rip saw tooth was used (Naylor et al. 2011).
Machining the dry work-piece along the grain forms continuous chips (type II) and machining the
saturated work-piece along the grain forms fuzzy chips (type III). No discontinuous chips (type I) were
formed as only the relatively low depth of 0.15 mm was performed. Surface formation machining across
the grain also draws some similarities to the previous study. The surface formation of the dry work-piece
displays permanently deformed fibres with a visible tool path. The surface formation of the saturated
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Figure 3: A) Chip Formation Along the Grain, Dry; B) Along the Grain, Saturated
Figure 4: A) Surface Formation Across the Grain, Dry; B) Across the Grain, Saturated
Figure 5: A) Cutting Force vs. Depth of Cut for all Work-piece’s; B) Mean Tool Forces vs. Depth of Cut
work-piece shows some sections along the length of the kerf were fibres have sprung back over the tool
path, but other sections where fibres have been uprooted by the subsequent teeth in the group. No major
chip formation comparisons can be drawn to the circular saw study (Ekevad et al. 2011), which also used
high speed video footage to analyse the chip. The reasons for this are the difference in work-piece (1) (the
circular saw study uses green and frozen wood) and a focus on the gullet performance rather than the
interaction with the wood and the major cutting edge (2). A key difference is noticed for machining dry
work-pieces along the grain, which yielded discontinuous wood chips (type I). This is most probably due
to the circular saw tooth geometries which have large positive rake angles.
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4.2 Tool Forces
From prior research (Naylor et al. 2011 and 2012) average tool force values show that the cutting force is
approximately 4.5 times larger than the thrust force and 25 times larger than the side force across the
grain. Along the grain the cutting force is approximately 3.5 times larger than the thrust force and 10
times larger than the side force. Analysis of the mean tool forces in this study (combining both along and
across the grain) show the cutting force to be approximately 8 times larger than the thrust force and in the
range of 20 – 50 times larger than the side force. This discrepancy is due to the difference in tooth
geometry and cutting conditions. The geometry of the tooth used in prior research had zero rake and a 1
mm cutting edge. The geometry of the tooth used in this research had a negative rake of 15° and a 0.85
mm cutting edge. Furthermore the depths of cut performed in the prior research where in the range of 0.4
– 1.2 mm. The depth of cut range used in this study was much lower, 0 – 0.35 mm.
4.3 A Statement on the Mechanics of Cutting
It is important to note that the high speed video footage provides frame by frame evidence to support
findings from related research (Naylor et al. 2012). The statement that machining along the grain is a
shearing process is supported by the visible shearing action providing ongoing continuous formation with
no break off points. The statement that machining across the grain is a bending process is supported by
the high speed video showing the fibres deforming in a bending process prior to fracture.
5 CONCLUSION
It has been proven that the test rig developed can effectively evaluate the cutting mechanics for single saw
teeth. This has been demonstrated through the high speed recordings of chip formation and the tool force
measurements. The most significant of the measured tool forces is that in the direction of cutting ranging
from 20 – 50 N (based on an average of all work-piece variations). The thrust force is less significant,
approximately 12% of the cutting force. The side force is the least significant force with recorded values
under 5% the magnitude of the cutting forces. The cutting force values show that the different work-piece
variations all have the same linear trend with respect to depth of cut; only the magnitude of the forces
varies. Typically cutting dry work-pieces yielded higher forces than saturated work-pieces, cutting across
the grain yielded higher forces than cutting along the grain.
The still frames from the high speed video of the chip and surface formations provided supporting
evidence to two novel statements with regard to the mechanics of cutting using teeth with orthogonal
edges: 1) Cutting across the grain is a bending process; 2) Cutting along the grain is a shearing process.
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APPENDIX 2 – MARKETING OF SAWS BY
MAJOR MANUFACTURES
BAHCO promotional leaflet for ProfCutTM saw (GT tooth geometry)
STANLEY promotional leaflet for JETCUTTM saw (triple tooth geometry)
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IRWIN promotional leaflet for JACKTM saw (universal triple ground tooth geometry)
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APPENDIX 3–TOOTH GEOMETRY STANDARDS
(BRITISH STANDARDS: BS 3159-1)
Different varieties of saw teeth
Defined geometric parameters
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Specified geometries for the different varieties of saw teeth
Rake Angle Flank Angle Bevel Angle Gullet Angle
Saw Type Min Max Min Max Min Max Nominal
General and Cross Cut Saws -10° -20° 40° 50° 10° 30° 60°
Rip Saws 0° -10° 50° 60° - - 60°
Fleam Saws -20° -25° 20° 25° 10° 30° -
Compound Saws -10° -20° 10° 25° 10° 30° -
Number of teeth per 25 mm for specified length
Number of Points per 25 mm
Blade Length
(mm)
General and
Cross Cut Saws
Rip Saws Fleam Saws Compound
Saws
450 8, 10 - - -
500 8, 10 - 8 8, 10, 12
550 7, 8, 10 - 8 8, 10
600 5, 6, 7, 8 - 7, 8 8, 10
650 5, 6, 7, 8 4, 4.5, 5 4.5, 5, 6 7, 8
Blade thicknesses for specified length
Blade Thickness (mm)
Blade Length (mm) Class 1 Class 2 Class 3 Class 4
450 0.86 0.86 0.71 0.71
500 0.86 0.86 0.71 0.71
550 0.86 0.86 0.71 0.71
600 0.94 0.91 0.89 0.89
650 0.94 0.91 0.89 0.89
Class 1 – Best quality blades for highly skilled craftsmen
Class 2 – Good quality blades for experienced craftsmen
Class 3 – General use industrial saws
Class 4 – DIY purpose saws
 Raker Set – N L N R N L L= Left Set
 Straight Set – L R L R L R R=Right
Set Wave Set – L L L R R R N=Neutral
Set
Setting Patterns
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APPENDIX 4 – INFLUENCE OF THE CUTTING
SPEED ON THE CUTTING MECHANICS
Rip tooth constrained to a dynamometer feed bed & Work-piece constrained to lathe
Mean Cutting and Thrust Forces
T = 2 mm
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Chip formation and kerf for varied cutting speeds
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APPENDIX 5 – CONTROL AND MEASURMENT
OF MOISTURE CONTENT
Probe locations on the wood work-piece
Redistribution of moisture for the 10% nominal work-piece (work-piece sealed in an air tight
container)
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Calibration of the york protimeter
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APPENDIX 6 – ROUTER TEST RIG:
APPARATUS AND ERROR EVALUATION
Kistler dynamometer type K9377 technical specifications
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Loading of the K9377C dynamometer in the universal testing machine (with cross
interference in un-tested directions)
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Programmed depths of cut (red) and measured depth of cut (blue) using the CNC router
machine
Observed error for selected depths of cut
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Force vs. time plot measuring the cutting force (Y axis) and thrust force (Z axis)
Average cutting forces (and error) observed for different machining directions with respect to
the annual growth rings
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Typical cutting and thrust force plots and resultant chip/surface formation observed both
along and across the grain
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Universal materials testing machine (Instron)
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APPENDIX 7– OPTICAL MICROSCOPE IMAGES OF CHIP AND SURACEFORMATION FROM ROUTER MACHINE EXPERIMENT
For each page of results the microscope images are arranged in the order denoted by the table below, with moisture content va rying along the
columns. The scale width of each image is 13 mm.
DRY 10% 20% SATURATED
Across Grain (Work-
piece)
Along Grain (Work-piece)
Along Grain (Chip)
13 mm
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SCOTS PINE
0.4 mm Depth of Cut
A62
SCOTS PINE
0.8 mm Depth of Cut
A63
SCOTS PINE
1.2 mm Depth of Cut
A64
YELLOW PINE
0.4 mm Depth of Cut
A65
YELLOW PINE
0.8 mm Depth of Cut
A66
YELLOW PINE
1.2 mm Depth of Cut
A67
SIBEREAN LARCH
0.4 mm Depth of Cut
A68
SIBEREAN LARCH
0.8 mm Depth of Cut
A69
SIBEREAN LARCH
1.2 mm Depth of Cut
A70
DOUGLASS FIR
0.4 mm Depth of Cut
A71
DOUGLASS FIR
0.8 mm Depth of Cut
A72
DOUGLASS FIR
1.2 mm Depth of Cut
A73
WESTERN RED CEDAR
0.4 mm Depth of Cut
A74
WESTERN RED CEDAR
0.8 mm Depth of Cut
A75
WESTERN RED CEDAR
1.2 mm Depth of Cut
A76
ASH
0.4mm Depth of Cut
A77
ASH
0.8 mm Depth of Cut
A78
ASH
1.2mm Depth of Cut
A79
BEECH
0.4mm Depth of Cut
A80
BEECH
0.8mm Depth of Cut
A81
BEECH
1.2mm Depth of Cut
A82
SAPELE
0.4 mm Depth of Cut
A83
SAPELE
0.8 mm Depth of Cut
A84
SAPELE
1.2mm Depth of Cut
A85
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APPENDIX 8 - AVERAGE DEPTHS OF CUT AND
CUTTING SPEEDS FROM ENTIRE SAW
TESTSING
Table of Results (Manual Tests)
GT U28° U0°
User L T N t δ L T N t δ L T N t δ
1
25
8
35
6 5 0.511 0.127
22
9
37
9 6 0.378 0.119
24
8
54
7 8 0.478 0.082
2
27
3
37
6 5 0.374 0.120
23
1
38
2 6 0.645 0.118
25
7
56
7 8 0.798 0.079
3
27
5
37
9 5 0.326 0.119
23
8
39
4 6 0.365 0.114
26
1
50
4 7 0.682 0.089
4
27
6
30
4 4 0.491 0.148
25
2
34
7 5 0.485 0.130
26
5
58
4 8 0.686 0.077
5
28
3
31
2 4 0.358 0.144
25
5
49
2 7 0.492 0.091
27
2
60
0 8 0.507 0.075
6
28
9
39
8 5 0.574 0.113
26
2
43
3 6 0.401 0.104
28
2
54
4 7 0.474 0.083
7
29
9
24
7 3 0.506 0.182
26
3
50
7 7 0.415 0.089
28
5
62
8 8 0.442 0.072
8
30
6
25
3 3 0.311 0.178
26
6
36
7 5 0.504 0.123
29
1
56
1 7 0.757 0.080
9
32
3
35
6 4 0.337 0.126
27
2
45
0 6 0.555 0.100
29
9
57
7 7 0.548 0.078
10
32
4
26
8 3 0.515 0.168
27
2
37
5 5 0.606 0.120
32
2
53
2 6 0.503 0.085
MEAN
δ 0.142438216 0.110751671 0.080018123
STDE
V δ 0.025748463 0.013881105 0.005044345
MEAN
Vc 0.675342784 0.524143624 0.473531915
STDE
V Vc 0.225270427 0.167978769 0.170516504
Table of Results (Controlled Tests)*
GT U28°
L T N t δ Vc L T N t δ Vc
105 434 15 16.7 0.1 94.31 105 405 14 15.9 0.11 92.45
Where: L = Average Stroke Length (mm)
T = Total number of teeth used to perform the cut
N = Number of Strokes
t = Time taken (s)
δ = Depth of per tooth (mm)
Vc = Cutting speed (m/s)
A87
Average depth of cut per tooth for each of the selected geometries
Average cutting speed for each of the selected geometries (including error bars)
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Simplified schematic diagram
Test-rig photograph*
*Table of data and photograph provided my Mr. Emil Clahr of SNA Europe, Wood-Working
Research and Development, Bollnäs, Sweden.
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APPENDIX 9 – SHAPER TEST RIG: APPARATUS
AND ERROR EVALUATION
Kistler dynamometer type K9257B technical specifications
A91
Loading of the K9257B dynamometer in the universal testing machine (with cross
interference in un-tested directions)
A92
CAD drawing showing a section view of the tool holder constraining both the fixed group and
single tooth
Feeler gauge method used to set depth of cut offset between single tooth and group of teeth
Feeler (thickness) gauges used
A93
Nominal and measured depth of cut for the three saw tooth geometries. Work-piece material
used is Obomodulan
A94
Vertical stiffness set-up (dial gauge constrained at single tooth position)
Force vs. displacement plot up to 1000 N for vertical loading
ିଵ
A95
Comparison of tool forces for two different widths of timber (along the grain)
Comparison of tool forces for two different widths of timber (across the grain)
A96
High speed video frames measuring the displacement of the shaper arm at 100 millisecond
intervals (both forward and return strokes)
A97
Displacement vs. time plot for one entire stroke of the shaper arm
High speed camera set-up
A98
A99
APPENDIX 10 – STATISTICAL SUMMARY OF
DATA FROM CUTTING TESTS PERFORMED IN
SHAPER MACHINE
242016128
Median
Mean
18.518.017.517.016.516.0
1st Q uartile 15.054
Median 16.941
3rd Q uartile 19.267
Maximum 26.659
16.131 18.180
16.248 18.221
3.011 4.491
A -Squared 0.34
P-V alue 0.480
Mean 17.155
StDev 3.604
V ariance 12.989
Skew ness 0.183017
Kurtosis 0.754673
N 50
Minimum 8.528
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Dry Along Grain 0 mm
3025201510
Median
Mean
252423222120
1st Q uartile 18.557
Median 22.523
3rd Q uartile 25.644
Maximum 31.017
20.914 23.477
20.447 24.681
3.767 5.619
A -Squared 0.32
P-V alue 0.528
Mean 22.196
StDev 4.509
V ariance 20.331
Skew ness -0.388286
Kurtosis -0.229478
N 50
Minimum 10.273
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Dry Along Grain 0.05 mm
A100
3228242016
Median
Mean
2726252423
1st Q uartile 21.702
Median 24.240
3rd Q uartile 27.663
Maximum 31.804
23.520 25.664
22.770 26.473
3.151 4.701
A -Squared 0.31
P-V alue 0.554
Mean 24.592
StDev 3.773
V ariance 14.233
Skew ness 0.004431
Kurtosis -0.821571
N 50
Minimum 16.751
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Dry Along Grain 0.1 mm
36322824
Median
Mean
3130292827
1st Q uartile 25.313
Median 29.210
3rd Q uartile 32.815
Maximum 38.636
28.011 30.737
27.176 31.143
4.006 5.976
A -Squared 0.54
P-V alue 0.156
Mean 29.374
StDev 4.796
V ariance 23.000
Skew ness 0.209516
Kurtosis -0.979446
N 50
Minimum 21.209
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Dry Along Grain 0.15 mm
A101
4540353025
Median
Mean
35343332
1st Q uartile 29.662
Median 33.172
3rd Q uartile 37.766
Maximum 45.389
32.229 35.018
31.633 34.135
4.099 6.114
A -Squared 0.44
P-V alue 0.289
Mean 33.623
StDev 4.907
V ariance 24.075
Skew ness 0.421786
Kurtosis -0.490345
N 50
Minimum 25.287
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Dry Along Grain 0.2 mm
4844403632
Median
Mean
3938373635
1st Q uartile 34.554
Median 36.914
3rd Q uartile 40.000
Maximum 47.157
36.131 38.288
35.423 38.544
3.171 4.730
A -Squared 0.20
P-V alue 0.871
Mean 37.209
StDev 3.796
V ariance 14.408
Skew ness 0.334226
Kurtosis -0.289639
N 50
Minimum 30.856
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Dry Along Grain 0.25 mm
A102
50454035
Median
Mean
42.542.041.541.040.540.0
1st Q uartile 39.479
Median 41.623
3rd Q uartile 42.948
Maximum 52.504
40.158 42.224
40.959 42.310
3.037 4.530
A -Squared 0.97
P-V alue 0.013
Mean 41.191
StDev 3.636
V ariance 13.218
Skew ness -0.16049
Kurtosis 1.77646
N 50
Minimum 31.260
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Dry Along Grain 0.3 mm
4845423936
Median
Mean
46.045.545.044.544.043.5
1st Q uartile 42.519
Median 45.073
3rd Q uartile 46.930
Maximum 50.425
43.670 45.487
43.624 45.935
2.671 3.985
A -Squared 0.59
P-V alue 0.117
Mean 44.578
StDev 3.198
V ariance 10.225
Skew ness -0.714026
Kurtosis 0.502571
N 50
Minimum 36.229
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Dry Along Grain 0.35 mm
A103
353025201510
Median
Mean
26252423222120
1st Q uartile 17.991
Median 22.204
3rd Q uartile 27.028
Maximum 38.407
21.048 24.352
20.559 25.647
4.855 7.242
A -Squared 0.30
P-V alue 0.574
Mean 22.700
StDev 5.812
V ariance 33.777
Skew ness 0.145144
Kurtosis -0.014309
N 50
Minimum 8.831
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Dry Across Grain 0 mm
36302418
Median
Mean
3231302928
1st Q uartile 25.783
Median 29.927
3rd Q uartile 33.408
Maximum 39.709
27.872 31.012
28.356 32.120
4.616 6.886
A -Squared 0.34
P-V alue 0.493
Mean 29.442
StDev 5.526
V ariance 30.532
Skew ness -0.531991
Kurtosis 0.237707
N 50
Minimum 13.660
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Dry Across Grain 0.05 mm
A104
55504540353025
Median
Mean
39383736353433
1st Q uartile 31.426
Median 35.864
3rd Q uartile 41.661
Maximum 53.754
34.827 38.608
33.240 39.381
5.556 8.289
A -Squared 0.61
P-V alue 0.107
Mean 36.717
StDev 6.652
V ariance 44.243
Skew ness 0.414204
Kurtosis -0.512212
N 50
Minimum 24.542
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Dry Across Grain 0.1 mm
605550454035
Median
Mean
4746454443
1st Q uartile 41.368
Median 44.847
3rd Q uartile 48.451
Maximum 62.325
43.542 46.881
43.491 46.412
4.907 7.320
A -Squared 0.34
P-V alue 0.473
Mean 45.211
StDev 5.874
V ariance 34.503
Skew ness 0.512985
Kurtosis 0.584093
N 50
Minimum 33.327
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Dry Across Grain 0.15 mm
A105
605550454035
Median
Mean
51504948474645
1st Q uartile 44.135
Median 49.961
3rd Q uartile 53.921
Maximum 60.331
47.503 51.113
45.846 51.581
5.305 7.915
A -Squared 0.52
P-V alue 0.175
Mean 49.308
StDev 6.351
V ariance 40.340
Skew ness -0.021058
Kurtosis -0.967312
N 50
Minimum 35.606
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Dry Across Grain 0.2 mm
6660544842
Median
Mean
6059585756
1st Q uartile 54.006
Median 58.708
3rd Q uartile 61.604
Maximum 66.461
56.159 59.253
57.093 60.014
4.548 6.785
A -Squared 0.76
P-V alue 0.044
Mean 57.706
StDev 5.445
V ariance 29.647
Skew ness -0.696599
Kurtosis -0.003156
N 50
Minimum 43.186
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Dry Across Grain 0.25 mm
A106
8072645648
Median
Mean
666564636261
1st Q uartile 58.291
Median 64.020
3rd Q uartile 68.275
Maximum 79.993
61.673 65.455
61.151 66.161
5.559 8.293
A -Squared 0.23
P-V alue 0.801
Mean 63.564
StDev 6.655
V ariance 44.287
Skew ness 0.094055
Kurtosis -0.490915
N 50
Minimum 49.507
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Dry Across Grain 0.3 mm
8478726660
Median
Mean
757473727170
1st Q uartile 68.888
Median 72.621
3rd Q uartile 76.844
Maximum 85.025
70.713 73.887
69.975 74.614
4.664 6.957
A -Squared 0.21
P-V alue 0.843
Mean 72.300
StDev 5.583
V ariance 31.169
Skew ness -0.173981
Kurtosis -0.161368
N 50
Minimum 60.220
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Dry Across Grain 0.35 mm
A107
12108642
Median
Mean
8.07.57.06.5
1st Q uartile 5.4476
Median 7.6658
3rd Q uartile 9.3847
Maximum 12.4763
6.6908 8.1056
6.4290 8.1991
2.0793 3.1019
A -Squared 0.31
P-V alue 0.548
Mean 7.3982
StDev 2.4892
V ariance 6.1963
Skew ness -0.084523
Kurtosis -0.606693
N 50
Minimum 1.9046
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Sat Along Grain 0 mm
161284
Median
Mean
10.09.59.08.58.0
1st Q uartile 7.5629
Median 9.1407
3rd Q uartile 11.5823
Maximum 18.2049
8.5357 10.1980
8.2842 9.7418
2.4430 3.6443
A -Squared 0.40
P-V alue 0.346
Mean 9.3668
StDev 2.9245
V ariance 8.5528
Skew ness 0.427194
Kurtosis 0.551013
N 50
Minimum 3.4037
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Sat Along Grain 0.05 mm
A108
18151296
Median
Mean
13.513.012.512.011.511.010.5
1st Q uartile 9.464
Median 11.576
3rd Q uartile 14.421
Maximum 20.216
11.090 12.847
10.585 13.174
2.583 3.853
A -Squared 0.30
P-V alue 0.558
Mean 11.968
StDev 3.092
V ariance 9.558
Skew ness 0.283484
Kurtosis -0.305219
N 50
Minimum 6.598
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Sat Along Grain 0.1 mm
1815129
Median
Mean
15.014.514.013.5
1st Q uartile 12.483
Median 13.775
3rd Q uartile 15.790
Maximum 19.445
13.311 14.741
13.358 14.854
2.102 3.136
A -Squared 0.16
P-V alue 0.947
Mean 14.026
StDev 2.517
V ariance 6.333
Skew ness -0.0752934
Kurtosis 0.0759096
N 50
Minimum 7.579
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Sat Along Grain 0.15 mm
A109
211815129
Median
Mean
16.516.015.515.014.5
1st Q uartile 13.788
Median 15.380
3rd Q uartile 17.148
Maximum 22.473
14.657 16.181
14.467 16.261
2.240 3.341
A -Squared 0.13
P-V alue 0.980
Mean 15.419
StDev 2.681
V ariance 7.188
Skew ness 0.208987
Kurtosis 0.244620
N 50
Minimum 9.249
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Sat Along Grain 0.2 mm
24201612
Median
Mean
20.019.519.018.518.017.517.0
1st Q uartile 16.048
Median 18.440
3rd Q uartile 20.685
Maximum 26.718
17.569 19.371
17.253 20.027
2.648 3.950
A -Squared 0.18
P-V alue 0.913
Mean 18.470
StDev 3.170
V ariance 10.048
Skew ness 0.0857621
Kurtosis 0.0892687
N 50
Minimum 10.756
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Sat Along Grain 0.25 mm
A110
24201612
Median
Mean
21.020.520.019.519.0
1st Q uartile 17.929
Median 19.995
3rd Q uartile 22.071
Maximum 26.476
19.153 20.942
19.277 21.111
2.629 3.922
A -Squared 0.19
P-V alue 0.893
Mean 20.047
StDev 3.148
V ariance 9.908
Skew ness -0.200702
Kurtosis 0.226046
N 50
Minimum 12.129
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Sat Along Grain 0.3 mm
27242118
Median
Mean
23.523.022.522.021.521.020.5
1st Q uartile 19.929
Median 21.965
3rd Q uartile 23.998
Maximum 27.367
21.132 22.761
20.641 23.290
2.395 3.573
A -Squared 0.25
P-V alue 0.736
Mean 21.946
StDev 2.867
V ariance 8.222
Skew ness -0.118152
Kurtosis -0.469639
N 50
Minimum 15.778
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Sat Along Grain 0.35 mm
A111
40322416
Median
Mean
2928272625
1st Q uartile 22.861
Median 26.434
3rd Q uartile 32.312
Maximum 40.408
25.300 28.840
24.886 28.989
5.202 7.761
A -Squared 0.31
P-V alue 0.534
Mean 27.070
StDev 6.228
V ariance 38.786
Skew ness -0.136140
Kurtosis 0.008230
N 50
Minimum 11.559
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Sat Across Grain 0 mm
454035302520
Median
Mean
343332313029
1st Q uartile 27.812
Median 33.186
3rd Q uartile 34.905
Maximum 43.964
30.611 33.763
29.200 33.864
4.633 6.911
A -Squared 0.53
P-V alue 0.163
Mean 32.187
StDev 5.546
V ariance 30.756
Skew ness -0.012486
Kurtosis -0.364500
N 50
Minimum 20.023
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Sat Across Grain 0.05 mm
A112
4540353025
Median
Mean
37.036.536.035.535.034.534.0
1st Q uartile 31.786
Median 35.788
3rd Q uartile 39.500
Maximum 47.608
34.278 37.197
34.203 37.144
4.291 6.401
A -Squared 0.27
P-V alue 0.652
Mean 35.737
StDev 5.137
V ariance 26.385
Skew ness -0.0409137
Kurtosis -0.0769797
N 50
Minimum 25.036
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Sat Across Grain 0.1 mm
5448423630
Median
Mean
44.043.543.042.542.041.541.0
1st Q uartile 40.115
Median 42.880
3rd Q uartile 44.632
Maximum 53.081
41.126 43.728
41.627 43.646
3.825 5.706
A -Squared 0.78
P-V alue 0.041
Mean 42.427
StDev 4.579
V ariance 20.968
Skew ness -0.46683
Kurtosis 2.38188
N 50
Minimum 27.060
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Sat Across Grain 0.15 mm
A113
5550454035
Median
Mean
47.046.546.045.545.044.544.0
1st Q uartile 42.172
Median 45.167
3rd Q uartile 47.670
Maximum 56.201
44.002 46.489
44.212 46.670
3.655 5.453
A -Squared 0.27
P-V alue 0.663
Mean 45.246
StDev 4.376
V ariance 19.146
Skew ness 0.000162
Kurtosis 0.387014
N 50
Minimum 34.919
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Sat Across Grain 0.2 mm
646056524844
Median
Mean
555453525150
1st Q uartile 48.433
Median 51.899
3rd Q uartile 55.150
Maximum 63.135
50.841 53.610
50.256 54.472
4.068 6.069
A -Squared 0.31
P-V alue 0.549
Mean 52.225
StDev 4.870
V ariance 23.719
Skew ness 0.197458
Kurtosis -0.422232
N 50
Minimum 43.166
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Sat Across Grain 0.25 mm
A114
6560555045
Median
Mean
5958575655
1st Q uartile 54.406
Median 57.158
3rd Q uartile 60.227
Maximum 68.077
55.818 58.487
55.353 59.150
3.923 5.852
A -Squared 0.18
P-V alue 0.910
Mean 57.152
StDev 4.696
V ariance 22.057
Skew ness -0.270685
Kurtosis 0.353478
N 50
Minimum 44.342
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Sat Across Grain 0.3 mm
70656055
Median
Mean
656463626160
1st Q uartile 57.989
Median 62.302
3rd Q uartile 66.342
Maximum 72.460
60.450 63.628
60.544 64.821
4.670 6.967
A -Squared 0.43
P-V alue 0.300
Mean 62.039
StDev 5.591
V ariance 31.258
Skew ness -0.200139
Kurtosis -0.859090
N 50
Minimum 51.967
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U0° Sat Across Grain 0.35 mm
A115
2520151050
Median
Mean
131211109
1st Q uartile 6.827
Median 10.641
3rd Q uartile 15.996
Maximum 25.882
9.405 12.811
8.696 12.319
5.007 7.469
A -Squared 0.45
P-V alue 0.267
Mean 11.108
StDev 5.994
V ariance 35.923
Skew ness 0.182047
Kurtosis -0.252746
N 50
Minimum -3.413
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Dry Along Grain 0 mm
24181260
Median
Mean
1312111098
1st Q uartile 6.168
Median 10.844
3rd Q uartile 16.345
Maximum 26.651
9.391 12.885
8.067 12.636
5.135 7.660
A -Squared 0.45
P-V alue 0.262
Mean 11.138
StDev 6.147
V ariance 37.783
Skew ness 0.358413
Kurtosis -0.411844
N 50
Minimum -1.116
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Dry Along Grain 0.05 mm
A116
24181260
Median
Mean
14131211109
1st Q uartile 6.115
Median 10.896
3rd Q uartile 17.254
Maximum 26.915
10.006 13.852
9.301 13.856
5.654 8.434
A -Squared 0.62
P-V alue 0.102
Mean 11.929
StDev 6.768
V ariance 45.807
Skew ness 0.369287
Kurtosis -0.844815
N 50
Minimum 0.973
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Dry Along Grain 0.1 mm
3024181260
Median
Mean
151413121110
1st Q uartile 8.730
Median 12.049
3rd Q uartile 17.234
Maximum 29.554
11.234 14.800
10.096 14.021
5.241 7.818
A -Squared 0.44
P-V alue 0.280
Mean 13.017
StDev 6.274
V ariance 39.359
Skew ness 0.493024
Kurtosis 0.200949
N 50
Minimum 0.998
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Dry Along Grain 0.15 mm
A117
2418126
Median
Mean
16151413
1st Q uartile 10.513
Median 13.737
3rd Q uartile 19.076
Maximum 27.591
12.604 16.274
12.699 16.041
5.394 8.046
A -Squared 0.39
P-V alue 0.369
Mean 14.439
StDev 6.457
V ariance 41.690
Skew ness 0.080372
Kurtosis -0.400202
N 50
Minimum 2.611
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Dry Along Grain 0.2 mm
302418126
Median
Mean
1817161514
1st Q uartile 11.827
Median 15.641
3rd Q uartile 20.996
Maximum 30.882
14.405 17.811
13.696 17.319
5.007 7.469
A -Squared 0.45
P-V alue 0.267
Mean 16.108
StDev 5.994
V ariance 35.923
Skew ness 0.182047
Kurtosis -0.252746
N 50
Minimum 1.587
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Dry Along Grain 0.25 mm
A118
302418126
Median
Mean
201918171615
1st Q uartile 13.168
Median 17.844
3rd Q uartile 23.345
Maximum 33.651
16.391 19.885
15.067 19.636
5.135 7.660
A -Squared 0.45
P-V alue 0.262
Mean 18.138
StDev 6.147
V ariance 37.783
Skew ness 0.358413
Kurtosis -0.411844
N 50
Minimum 5.884
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Dry Along Grain 0.3 mm
30241812
Median
Mean
22212019
1st Q uartile 17.570
Median 20.930
3rd Q uartile 23.772
Maximum 32.941
19.102 22.165
19.549 22.471
4.501 6.715
A -Squared 0.27
P-V alue 0.653
Mean 20.634
StDev 5.388
V ariance 29.036
Skew ness -0.191018
Kurtosis 0.207232
N 50
Minimum 7.958
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Dry Along Grain 0.35 mm
A119
20161284
Median
Mean
14.013.513.012.512.011.511.0
1st Q uartile 9.382
Median 12.423
3rd Q uartile 15.167
Maximum 19.760
11.285 13.488
11.122 13.675
3.237 4.829
A -Squared 0.15
P-V alue 0.962
Mean 12.387
StDev 3.876
V ariance 15.020
Skew ness -0.121116
Kurtosis -0.522596
N 50
Minimum 3.079
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Dry Across Grain 0 mm
302418126
Median
Mean
1514131211
1st Q uartile 7.821
Median 12.134
3rd Q uartile 16.736
Maximum 29.275
11.164 14.563
10.730 14.086
4.994 7.451
A -Squared 0.36
P-V alue 0.433
Mean 12.863
StDev 5.979
V ariance 35.748
Skew ness 0.489110
Kurtosis 0.060552
N 50
Minimum 1.570
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Dry Across Grain 0.05 mm
A120
24181260
Median
Mean
15141312
1st Q uartile 9.463
Median 13.891
3rd Q uartile 16.442
Maximum 24.438
12.243 15.063
11.779 15.439
4.144 6.182
A -Squared 0.28
P-V alue 0.644
Mean 13.653
StDev 4.961
V ariance 24.608
Skew ness -0.105990
Kurtosis 0.414029
N 50
Minimum -0.694
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Dry Across Grain 0.1 mm
30252015105
Median
Mean
181716151413
1st Q uartile 11.323
Median 15.312
3rd Q uartile 18.801
Maximum 30.115
13.546 16.638
13.679 17.439
4.544 6.779
A -Squared 0.28
P-V alue 0.630
Mean 15.092
StDev 5.440
V ariance 29.594
Skew ness 0.121828
Kurtosis 0.181148
N 50
Minimum 4.277
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Dry Across Grain 0.15 mm
A121
3024181260
Median
Mean
201918171615
1st Q uartile 13.024
Median 16.832
3rd Q uartile 20.570
Maximum 28.944
14.741 18.160
14.915 19.413
5.026 7.497
A -Squared 0.31
P-V alue 0.553
Mean 16.450
StDev 6.016
V ariance 36.195
Skew ness -0.516011
Kurtosis 0.351236
N 50
Minimum -1.056
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Dry Across Grain 0.2 mm
3025201510
Median
Mean
2019181716
1st Q uartile 14.643
Median 18.396
3rd Q uartile 21.922
Maximum 29.644
16.489 19.379
16.539 19.803
4.246 6.334
A -Squared 0.25
P-V alue 0.721
Mean 17.934
StDev 5.083
V ariance 25.838
Skew ness -0.164338
Kurtosis -0.451655
N 50
Minimum 7.769
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Dry Across Grain 0.25 mm
A122
28242016128
Median
Mean
232221201918
1st Q uartile 16.191
Median 20.609
3rd Q uartile 23.707
Maximum 29.695
18.682 21.344
18.186 22.824
3.913 5.837
A -Squared 0.52
P-V alue 0.177
Mean 20.013
StDev 4.684
V ariance 21.940
Skew ness -0.271802
Kurtosis -0.530778
N 50
Minimum 8.414
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Dry Across Grain 0.3 mm
3530252015
Median
Mean
24.023.523.022.522.021.521.0
1st Q uartile 19.533
Median 22.522
3rd Q uartile 25.476
Maximum 35.327
21.346 24.164
21.390 23.949
4.142 6.179
A -Squared 0.30
P-V alue 0.566
Mean 22.755
StDev 4.958
V ariance 24.583
Skew ness 0.261723
Kurtosis 0.102599
N 50
Minimum 12.825
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Dry Across Grain 0.35 mm
A123
151050-5
Median
Mean
65432
1st Q uartile 0.7578
Median 4.0131
3rd Q uartile 8.9351
Maximum 15.3337
3.2832 6.2618
2.2149 6.3752
4.3774 6.5301
A -Squared 0.57
P-V alue 0.129
Mean 4.7725
StDev 5.2403
V ariance 27.4609
Skew ness 0.342814
Kurtosis -0.747841
N 50
Minimum -4.4675
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Sat Along Grain 0 mm
129630
Median
Mean
6.05.55.04.54.0
1st Q uartile 2.8431
Median 5.0783
3rd Q uartile 6.5284
Maximum 12.3723
4.2008 5.7507
3.8027 5.9286
2.2778 3.3980
A -Squared 0.22
P-V alue 0.822
Mean 4.9757
StDev 2.7268
V ariance 7.4354
Skew ness 0.442392
Kurtosis 0.161694
N 50
Minimum 0.1662
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Sat Along Grain 0.05 mm
A124
1260-6
Median
Mean
6.56.05.55.04.54.03.5
1st Q uartile 1.2725
Median 4.9304
3rd Q uartile 8.8550
Maximum 15.7041
3.4934 6.5311
3.4076 6.2163
4.4644 6.6599
A -Squared 0.36
P-V alue 0.437
Mean 5.0122
StDev 5.3444
V ariance 28.5629
Skew ness 0.080143
Kurtosis -0.633987
N 50
Minimum -6.2866
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Sat Along Grain 0.1 mm
20151050
Median
Mean
6.56.05.55.04.54.03.5
1st Q uartile 2.5211
Median 5.1879
3rd Q uartile 9.3018
Maximum 20.7300
4.0924 6.7758
3.6117 6.3318
3.9437 5.8831
A -Squared 0.36
P-V alue 0.434
Mean 5.4341
StDev 4.7210
V ariance 22.2883
Skew ness 0.62174
Kurtosis 1.14605
N 50
Minimum -3.3685
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Sat Along Grain 0.15 mm
A125
151050-5
Median
Mean
876543
1st Q uartile 2.7074
Median 6.3529
3rd Q uartile 8.9136
Maximum 16.3597
4.3038 7.1243
3.4435 7.7952
4.1451 6.1836
A -Squared 0.20
P-V alue 0.887
Mean 5.7140
StDev 4.9622
V ariance 24.6235
Skew ness -0.127964
Kurtosis -0.232608
N 50
Minimum -5.4595
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Sat Along Grain 0.2 mm
12963
Median
Mean
7.57.06.56.05.5
1st Q uartile 4.0968
Median 6.7271
3rd Q uartile 8.3980
Maximum 14.0863
5.6836 7.3820
5.5682 7.6071
2.4960 3.7235
A -Squared 0.22
P-V alue 0.830
Mean 6.5328
StDev 2.9880
V ariance 8.9284
Skew ness 0.287712
Kurtosis -0.145254
N 50
Minimum 0.9237
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Sat Along Grain 0.25 mm
A126
151050
Median
Mean
98765
1st Q uartile 3.8428
Median 7.3743
3rd Q uartile 11.2505
Maximum 18.7003
5.8636 8.8458
5.4025 8.9127
4.3829 6.5383
A -Squared 0.16
P-V alue 0.946
Mean 7.3547
StDev 5.2468
V ariance 27.5292
Skew ness 0.102011
Kurtosis -0.433091
N 50
Minimum -2.6801
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Sat Along Grain 0.3 mm
20151050
Median
Mean
109876
1st Q uartile 5.1172
Median 7.5228
3rd Q uartile 12.3866
Maximum 22.5935
7.1816 10.0076
6.4213 9.8185
4.1533 6.1958
A -Squared 0.50
P-V alue 0.203
Mean 8.5946
StDev 4.9720
V ariance 24.7206
Skew ness 0.665592
Kurtosis 0.234851
N 50
Minimum 0.3670
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Sat Along Grain 0.35 mm
A127
24181260
Median
Mean
15141312
1st Q uartile 8.673
Median 13.031
3rd Q uartile 18.791
Maximum 26.486
11.759 15.182
11.608 14.884
5.031 7.505
A -Squared 0.30
P-V alue 0.580
Mean 13.471
StDev 6.022
V ariance 36.267
Skew ness 0.016540
Kurtosis -0.597600
N 50
Minimum 1.323
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Sat Across Grain 0 mm
302418126
Median
Mean
161514131211
1st Q uartile 8.600
Median 13.089
3rd Q uartile 17.462
Maximum 29.444
12.051 15.371
11.288 15.930
4.879 7.279
A -Squared 0.44
P-V alue 0.275
Mean 13.711
StDev 5.841
V ariance 34.119
Skew ness 0.412606
Kurtosis -0.062144
N 50
Minimum 1.702
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Sat Across Grain 0.05 mm
A128
32241680
Median
Mean
1615141312
1st Q uartile 10.606
Median 14.106
3rd Q uartile 17.806
Maximum 30.665
12.354 15.992
12.371 15.512
5.347 7.977
A -Squared 0.42
P-V alue 0.311
Mean 14.173
StDev 6.401
V ariance 40.977
Skew ness 0.007721
Kurtosis 0.939536
N 50
Minimum -3.583
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Sat Across Grain 0.1 mm
302418126
Median
Mean
181716151413
1st Q uartile 11.337
Median 15.142
3rd Q uartile 19.029
Maximum 31.207
13.581 16.998
13.333 17.879
5.021 7.490
A -Squared 0.19
P-V alue 0.888
Mean 15.290
StDev 6.011
V ariance 36.130
Skew ness 0.009450
Kurtosis 0.135884
N 50
Minimum 2.869
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Sat Across Grain 0.15 mm
A129
24181260
Median
Mean
20191817161514
1st Q uartile 12.035
Median 16.740
3rd Q uartile 20.452
Maximum 26.489
14.536 17.756
14.520 19.356
4.731 7.058
A -Squared 0.44
P-V alue 0.289
Mean 16.146
StDev 5.664
V ariance 32.078
Skew ness -0.410432
Kurtosis -0.422391
N 50
Minimum 1.279
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Sat Across Grain 0.2 mm
32241680
Median
Mean
201918171615
1st Q uartile 14.347
Median 18.011
3rd Q uartile 21.603
Maximum 31.497
15.798 19.416
15.343 19.938
5.317 7.931
A -Squared 0.33
P-V alue 0.504
Mean 17.607
StDev 6.365
V ariance 40.511
Skew ness -0.377976
Kurtosis 0.534263
N 50
Minimum 0.501
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Sat Across Grain 0.25 mm
A130
302418126
Median
Mean
2120191817
1st Q uartile 15.824
Median 19.590
3rd Q uartile 22.989
Maximum 33.853
17.393 20.986
17.420 20.747
5.280 7.877
A -Squared 0.33
P-V alue 0.503
Mean 19.189
StDev 6.321
V ariance 39.959
Skew ness -0.164191
Kurtosis 0.312424
N 50
Minimum 4.960
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Sat Across Grain 0.3 mm
30241812
Median
Mean
242322212019
1st Q uartile 17.237
Median 21.287
3rd Q uartile 27.217
Maximum 34.320
19.846 23.429
18.946 23.542
5.266 7.855
A -Squared 0.24
P-V alue 0.754
Mean 21.638
StDev 6.304
V ariance 39.738
Skew ness 0.035368
Kurtosis -0.680035
N 50
Minimum 7.896
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for U28° Sat Across Grain 0.35 mm
A131
20161284
Median
Mean
13.012.512.011.511.010.510.0
1st Q uartile 8.832
Median 10.701
3rd Q uartile 15.139
Maximum 21.503
10.249 12.895
9.933 11.950
3.887 5.799
A -Squared 0.60
P-V alue 0.110
Mean 11.572
StDev 4.654
V ariance 21.656
Skew ness 0.342900
Kurtosis -0.508072
N 50
Minimum 3.266
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Dry Along Grain 0 mm
241680
Median
Mean
16141210
1st Q uartile 6.905
Median 12.334
3rd Q uartile 17.850
Maximum 28.850
10.125 14.138
9.041 15.638
5.898 8.798
A -Squared 0.27
P-V alue 0.650
Mean 12.131
StDev 7.060
V ariance 49.845
Skew ness -0.121637
Kurtosis -0.350622
N 50
Minimum -3.097
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Dry Along Grain 0.05 mm
A132
2015105
Median
Mean
17161514131211
1st Q uartile 9.093
Median 13.770
3rd Q uartile 17.748
Maximum 22.523
11.819 14.962
10.743 16.264
4.618 6.889
A -Squared 0.71
P-V alue 0.060
Mean 13.391
StDev 5.528
V ariance 30.562
Skew ness -0.18761
Kurtosis -1.07386
N 50
Minimum 2.718
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Dry Along Grain 0.1 mm
302418126
Median
Mean
1716151413
1st Q uartile 11.359
Median 15.272
3rd Q uartile 18.454
Maximum 29.548
13.378 16.860
13.862 16.768
5.117 7.634
A -Squared 0.33
P-V alue 0.504
Mean 15.119
StDev 6.126
V ariance 37.528
Skew ness 0.0866621
Kurtosis 0.0746316
N 50
Minimum 1.604
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Dry Along Grain 0.15 mm
A133
30241812
Median
Mean
1918171615
1st Q uartile 12.548
Median 16.381
3rd Q uartile 20.866
Maximum 32.453
15.775 18.824
15.071 18.867
4.480 6.683
A -Squared 0.43
P-V alue 0.291
Mean 17.299
StDev 5.363
V ariance 28.765
Skew ness 0.591459
Kurtosis 0.042870
N 50
Minimum 7.841
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Dry Along Grain 0.2mm
302418126
Median
Mean
21201918
1st Q uartile 15.617
Median 19.368
3rd Q uartile 24.547
Maximum 32.614
18.013 21.469
18.695 21.187
5.079 7.577
A -Squared 0.29
P-V alue 0.609
Mean 19.741
StDev 6.080
V ariance 36.971
Skew ness 0.033445
Kurtosis -0.226834
N 50
Minimum 7.039
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Dry Along Grain 0.25 mm
A134
3228242016
Median
Mean
26.025.525.024.524.023.5
1st Q uartile 22.564
Median 24.949
3rd Q uartile 26.796
Maximum 32.777
23.578 25.781
23.656 25.903
3.238 4.831
A -Squared 0.25
P-V alue 0.727
Mean 24.680
StDev 3.877
V ariance 15.030
Skew ness -0.048077
Kurtosis -0.225258
N 50
Minimum 16.698
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Dry Along Grain 0.3 mm
48403224
Median
Mean
3231302928
1st Q uartile 25.764
Median 29.438
3rd Q uartile 34.144
Maximum 53.050
28.023 31.793
27.631 30.907
5.540 8.264
A -Squared 0.62
P-V alue 0.102
Mean 29.908
StDev 6.632
V ariance 43.982
Skew ness 1.03666
Kurtosis 2.14126
N 50
Minimum 18.547
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Dry Along Grain 0.35 mm
A135
302418126
Median
Mean
222120191817
1st Q uartile 15.248
Median 18.051
3rd Q uartile 24.708
Maximum 34.254
17.374 21.342
16.900 19.924
5.831 8.699
A -Squared 0.60
P-V alue 0.110
Mean 19.358
StDev 6.980
V ariance 48.727
Skew ness 0.342900
Kurtosis -0.508072
N 50
Minimum 6.898
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Dry Across Grain 0 mm
30241812
Median
Mean
2221201918
1st Q uartile 16.296
Median 19.735
3rd Q uartile 23.485
Maximum 30.489
18.517 21.515
18.352 22.162
4.406 6.572
A -Squared 0.15
P-V alue 0.956
Mean 20.016
StDev 5.274
V ariance 27.816
Skew ness -0.051330
Kurtosis -0.312734
N 50
Minimum 8.688
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Dry Across Grain 0.05 mm
A136
3025201510
Median
Mean
2423222120
1st Q uartile 17.736
Median 21.950
3rd Q uartile 25.959
Maximum 33.120
20.326 23.474
19.877 23.670
4.626 6.901
A -Squared 0.15
P-V alue 0.956
Mean 21.900
StDev 5.538
V ariance 30.668
Skew ness -0.085373
Kurtosis -0.180009
N 50
Minimum 9.141
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Dry Across Grain 0.1 mm
3630241812
Median
Mean
262524232221
1st Q uartile 20.436
Median 23.045
3rd Q uartile 26.257
Maximum 37.676
22.474 25.600
21.428 24.828
4.595 6.854
A -Squared 1.17
P-V alue < 0.005
Mean 24.037
StDev 5.500
V ariance 30.254
Skew ness 0.753414
Kurtosis 0.453090
N 50
Minimum 12.056
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Dry Across Grain 0.15 mm
A137
4236302418
Median
Mean
29282726252423
1st Q uartile 20.236
Median 25.910
3rd Q uartile 30.264
Maximum 41.659
24.237 28.254
23.563 28.824
5.903 8.805
A -Squared 0.40
P-V alue 0.352
Mean 26.246
StDev 7.066
V ariance 49.929
Skew ness 0.275866
Kurtosis -0.722734
N 50
Minimum 14.375
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Dry Across Grain 0.2 mm
4236302418
Median
Mean
3231302928
1st Q uartile 26.632
Median 29.570
3rd Q uartile 33.650
Maximum 45.883
28.577 31.955
27.995 31.761
4.965 7.407
A -Squared 0.41
P-V alue 0.339
Mean 30.266
StDev 5.944
V ariance 35.333
Skew ness 0.552844
Kurtosis 0.563558
N 50
Minimum 17.838
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Dry Across Grain 0.25 mm
A138
4540353025
Median
Mean
414039383736
1st Q uartile 34.333
Median 39.128
3rd Q uartile 41.926
Maximum 48.658
36.029 39.529
37.536 41.087
5.144 7.674
A -Squared 0.98
P-V alue 0.012
Mean 37.779
StDev 6.158
V ariance 37.926
Skew ness -0.690742
Kurtosis -0.212920
N 50
Minimum 23.874
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Dry Across Grain 0.3 mm
5550454035
Median
Mean
4847464544
1st Q uartile 41.752
Median 44.792
3rd Q uartile 50.024
Maximum 58.137
44.564 47.765
43.738 48.062
4.705 7.019
A -Squared 0.40
P-V alue 0.349
Mean 46.165
StDev 5.632
V ariance 31.725
Skew ness 0.271119
Kurtosis -0.495668
N 50
Minimum 34.524
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Dry Across Grain 0.35 mm
A139
129630
Median
Mean
8.07.57.06.56.05.55.0
1st Q uartile 4.0865
Median 6.4406
3rd Q uartile 8.7772
Maximum 12.1543
5.5918 7.3009
5.3363 7.8903
2.5117 3.7469
A -Squared 0.24
P-V alue 0.779
Mean 6.4464
StDev 3.0068
V ariance 9.0409
Skew ness -0.069479
Kurtosis -0.729310
N 50
Minimum 0.1385
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Sat Along Grain 0 mm
1612840
Median
Mean
8.07.57.06.56.05.5
1st Q uartile 4.8335
Median 6.1777
3rd Q uartile 8.4217
Maximum 16.9032
5.8471 7.7419
5.4780 7.1735
2.7846 4.1541
A -Squared 0.79
P-V alue 0.038
Mean 6.7945
StDev 3.3336
V ariance 11.1127
Skew ness 0.71339
Kurtosis 1.11867
N 50
Minimum -1.1604
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Sat Along Grain 0.05 mm
A140
1612840
Median
Mean
8.07.57.06.56.0
1st Q uartile 5.1128
Median 6.9141
3rd Q uartile 8.4392
Maximum 16.6344
6.1504 8.0230
6.1905 8.0016
2.7520 4.1054
A -Squared 0.47
P-V alue 0.231
Mean 7.0867
StDev 3.2945
V ariance 10.8537
Skew ness 0.476483
Kurtosis 0.690367
N 50
Minimum 0.1130
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Sat Along Grain 0.1 mm
1412108642
Median
Mean
8.58.07.57.06.5
1st Q uartile 5.9767
Median 7.0552
3rd Q uartile 9.4311
Maximum 15.3366
6.8618 8.4128
6.5111 8.3616
2.2795 3.4004
A -Squared 0.38
P-V alue 0.387
Mean 7.6373
StDev 2.7288
V ariance 7.4463
Skew ness 0.543347
Kurtosis 0.492727
N 50
Minimum 2.2054
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Sat Along Grain 0.15 mm
A141
1512963
Median
Mean
9.69.28.88.48.0
1st Q uartile 6.7643
Median 9.0309
3rd Q uartile 10.7057
Maximum 15.5273
8.0951 9.7201
7.9565 9.6603
2.3881 3.5626
A -Squared 0.17
P-V alue 0.936
Mean 8.9076
StDev 2.8589
V ariance 8.1733
Skew ness 0.238827
Kurtosis -0.178452
N 50
Minimum 3.6108
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Sat Along Grain 0.2 mm
1512963
Median
Mean
11.010.510.09.59.0
1st Q uartile 8.768
Median 10.106
3rd Q uartile 12.798
Maximum 15.899
9.404 10.959
9.116 10.904
2.285 3.409
A -Squared 0.48
P-V alue 0.225
Mean 10.182
StDev 2.736
V ariance 7.484
Skew ness -0.366906
Kurtosis 0.045232
N 50
Minimum 2.941
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Sat Along Grain 0.25 mm
A142
18161412108
Median
Mean
14.514.013.513.012.512.0
1st Q uartile 10.572
Median 12.992
3rd Q uartile 15.296
Maximum 18.636
12.250 13.923
11.879 14.409
2.458 3.667
A -Squared 0.50
P-V alue 0.202
Mean 13.087
StDev 2.943
V ariance 8.661
Skew ness 0.128581
Kurtosis -0.899241
N 50
Minimum 8.305
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Sat Along Grain 0.3 mm
211815129
Median
Mean
17.517.016.516.015.515.0
1st Q uartile 13.783
Median 15.531
3rd Q uartile 19.037
Maximum 22.612
14.998 16.812
14.710 17.428
2.667 3.978
A -Squared 0.42
P-V alue 0.319
Mean 15.905
StDev 3.192
V ariance 10.191
Skew ness -0.135580
Kurtosis -0.633341
N 50
Minimum 8.608
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Sat Along Grain 0.35 mm
A143
30252015105
Median
Mean
18171615141312
1st Q uartile 11.290
Median 13.949
3rd Q uartile 19.760
Maximum 30.843
13.522 16.872
12.509 17.314
4.924 7.346
A -Squared 0.36
P-V alue 0.424
Mean 15.197
StDev 5.895
V ariance 34.750
Skew ness 0.397850
Kurtosis -0.359096
N 50
Minimum 4.726
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Sat Across Grain 0 mm
302418126
Median
Mean
1817161514
1st Q uartile 12.037
Median 15.641
3rd Q uartile 19.479
Maximum 30.793
14.034 17.538
13.803 17.959
5.150 7.683
A -Squared 0.19
P-V alue 0.892
Mean 15.786
StDev 6.165
V ariance 38.013
Skew ness 0.044198
Kurtosis -0.121190
N 50
Minimum 2.688
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Sat Across Grain 0.05 mm
A144
302418126
Median
Mean
1918171615
1st Q uartile 13.512
Median 16.712
3rd Q uartile 19.805
Maximum 30.324
14.910 18.086
15.105 18.586
4.667 6.962
A -Squared 0.22
P-V alue 0.839
Mean 16.498
StDev 5.587
V ariance 31.210
Skew ness -0.055694
Kurtosis 0.349508
N 50
Minimum 2.943
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Sat Across Grain 0.1 mm
302418126
Median
Mean
20.019.519.018.518.017.517.0
1st Q uartile 14.482
Median 17.679
3rd Q uartile 22.030
Maximum 32.357
16.843 19.886
16.769 20.192
4.472 6.672
A -Squared 0.13
P-V alue 0.984
Mean 18.364
StDev 5.354
V ariance 28.664
Skew ness 0.188716
Kurtosis -0.092307
N 50
Minimum 6.572
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Sat Across Grain 0.15 mm
A145
3224168
Median
Mean
24232221201918
1st Q uartile 15.462
Median 21.689
3rd Q uartile 25.017
Maximum 36.596
19.165 22.685
18.243 23.544
5.173 7.717
A -Squared 0.23
P-V alue 0.788
Mean 20.925
StDev 6.193
V ariance 38.355
Skew ness 0.107787
Kurtosis -0.322846
N 50
Minimum 7.868
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Sat Across Grain 0.2 mm
403224168
Median
Mean
272625242322
1st Q uartile 20.072
Median 25.106
3rd Q uartile 28.415
Maximum 38.835
22.375 25.922
22.855 26.603
5.214 7.778
A -Squared 0.45
P-V alue 0.258
Mean 24.149
StDev 6.242
V ariance 38.958
Skew ness -0.407433
Kurtosis 0.368252
N 50
Minimum 6.180
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Sat Across Grain 0.25 mm
A146
4035302520
Median
Mean
31302928272625
1st Q uartile 24.287
Median 28.435
3rd Q uartile 33.084
Maximum 41.210
27.099 30.215
25.619 31.433
4.580 6.833
A -Squared 0.38
P-V alue 0.393
Mean 28.657
StDev 5.483
V ariance 30.063
Skew ness 0.155782
Kurtosis -0.809431
N 50
Minimum 18.996
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Sat Across Grain 0.3 mm
48403224
Median
Mean
373635343332
1st Q uartile 30.413
Median 34.139
3rd Q uartile 39.735
Maximum 52.404
33.327 37.046
31.991 37.147
5.465 8.153
A -Squared 0.44
P-V alue 0.278
Mean 35.186
StDev 6.542
V ariance 42.801
Skew ness 0.537882
Kurtosis 0.016156
N 50
Minimum 22.762
A nderson-Darling Normality Test
95% Confidence I nterv al for Mean
95% Confidence I nterv al for Median
95% Confidence I nterv al for StDev
95% Confidence Intervals
Summary for GT Sat Across Grain 0.35 mm
A147
